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ABSTRACT
Conventional recrystallisation heat treatments lead ultimately to a microstructure
consisting of equiaxed grains. There is now an industrial demand for the production of
highly anisotropic grain microstructures by solid-state processing, rather than by the more
usual directional solidification routes. The latter do not seem to be suitable for certain
applications, including the fabrication of wafers with elongated grains.
This thesis deals with an investigation of directional recrystallisation, a solid-state
process in which heavily deformed metallic samples are recrystallised to yield highly
anisotropic, directional grain microstructures. The aim of the project was to investigate the
the fundamental metallurgy of this particular process, and to model the process itself.
The study includes mechanically alloyed superalloy of the kind used in the aircraft
industry, mechanically alloyed ferritic stainless steels, rapidly solidified and compacted
aluminium alloys and aluminium alloys produced by other routes. With one exception all
the alloys used are in some way dispersion strengthened, so that the energy stored due to
deformation can be very high. All the alloys were obtained from external suppliers, either
as standard commercial alloys, or as experimental alloys. Since some of the alloys have a
high intrinsic strength, they were deformed at temperatures as high as lOOO°C.
Directional recrystallisation was induced by using an experimental technique, in which,
deformed samples are in effect subjected to a moving heat source which leads to a
recrystallisation in a temperature gradient.
The microstrl.!cture of the as-extruded samples was found to reflect a typical
deformation structure, with flattened grains containing a high density of dislocations. The
alloys readily directionally recrystallised, but the direction of the major axes of the grains
was always found to be roughly parallel to the extrusion direction, irrespective of the
sense of the imposed temperature gradient Indeed, even isothermal annealing led to a
directionally recrystallised microstructure. Detailed investigations revealed two main
causes for this behaviour: The oxide particles in the alloy were found to be strongly
aligned along the extrusion direction, and a measurement of stored energy revealed that
the driving force for recrystallisation was very large, making it difficult to controll the
process. This latter difficulty could be overcome by pre-annealing at relatively low
temperatures to reduce the stored energy.
By contrast, the superalloy which has a rather low level of stored energy, did not
undergo directional recrystallisation during isothermal heat treatment, and the
recrystallisation behaviour changed with the relative direction of the imposed temperature
gradient with respect to the extrusion direction. Detailed metallography and
crystallography revealed that the alloys had, during deformation, undergone primary
recrystallisation to an ultra fine grained microstructure, which accounted for most of the
stored energy. The directional recrystallisation observed was therefore, a secondary
recrystallisation process.
The results of the experiments of the steels are rationalised using the concept of
kinetic strength of a heat treatment, and a model is developed and used to measure the
mobility of interfaces.
The experiments on the aluminium alloys were not successful in producing directional
structures and the reasons for this behaviour are discussed.
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CHAPTER ONE
Introduction
1.1 Background to project
The need to improve the performance and efficiency of gas turbine engines, in particular their
high-temperature capabilities, has led to the continuing development of materials with higher
strength, better corrosion resistance and greater ease of fabrication. Oxide dispersion strengthened
(ODS) alloys are promising candidates for use in components in some of hotter parts of the gas
turbines.
There are, essentially, two major classes of gas turbines: aircraft engines and industrial ground
based gas turbines. Industrial gas turbines are much larger than aircraft engines and are expected to
have a life time about ten times that of aircraft engines (Singer, 1986). Industrial gas turbines are
also expected to run in much more corrosive conditions and using lower grades of fuel. While alloy
development for both types of turbines follows similar lines, there are some important differences.
For instance, the increased size of the blades and vanes in industrial gas turbines means that it is not
possible to easily apply the single crystal technology of the smaller aircraft engine components.
Therefore, in order to achieve improvements in high-temperature performance over that provided by
conventionally cast blades, aDS alloys must be considered as promising alternatives.
The utilisation of aDS alloys in aircraft gas turbines in large quantities will require an enormous
amount of research before the alloys are taken seriously. However, they are already used
commercially for combustion chamber components and as guide-vane materials (Crowford, 1983).
1.2 Scope and Aim of project
The thermodynamic efficiency of a jet engine depends on the difference between the maximum
and minimum temperature involved in its thermal cycle. It is in fact given by (Tmax - Tmin) /
Tmin' where the temperatures are absolute temperatures. Raising the operating temperature can
therefore lead to an increase in efficiency. Current maximum operating temperatures are around
lOOO°C.
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This project deals with an aspect of a novel and speculative method for designing metallic
turbine blade materials for operation at temperatures as high as 1400°C. It is envisaged that a blade
would be constructed of a series of thin wafers, with very efficient cooling channels to ensure that
the blade material will be maintained at l(X)Q°C,while the environment is at 1400°C. Many turbine
blades in current use already have cooling channels machined or cast into position, but these are
usually narrow and not sufficiently efficient in the present context.
For reasons of creep resistance the wafers discussed above need to have a directional grain
microstructure, which cannot be produced by directional solidification, as is usual for bulk alloys.
This project deals with the modelling of a solid-state process of directional recrystallisation
which should lead to the required creep resistance microstructure in thin wafers. The chemical
compositions of the model materials investigated are given in Table 3.1. In this thesis fundamental
phenomenon like recovery, recrystallisation and grain growth are briefly reviewed in chapter two and
chapter three discusses the details of experimental techniques, fabrication of the alloys used to study
directional recrystallisation.
Although the mechanism of directional recrystallisation is not fully understood, it intuitively
seems essential that the starting deformed material has a large quantity of stored free energy.
Furthermore, it seems that directional recrystallisation occurs only if the rate of release of stored free
energy is high during annealing. In order to achieve a high level of stored free energy due to
deformation, and to reduce dynamic recovery, oxide dispersion strengthened materials are used for
directional recrystallisation. The oxide particles also help to induce the rapid multiplication and
accumulation of defects during deformation. Therefore, initial microstructures of oxide dispersion
strengthened alloys MA6000 and MA956 has been characterised by transmission electron
microscopy, in terms of grain size measurements and the orientation relationship between two
adjacent grains in the deformed condition and are discussed in chapter four.
There are two general techniques for producing elongated grain microstructures, One method,
known as directional solidification (D.S) involves controlling the heat flow and other conditions
during the solidification process to produce an elongated solidification microstructure. The
disadvantage of directionally solidified material is that, it cannot easily be used for very thin
sections.
The second method, involves controlled recrystallisation after deformation. In its best known
form, this type of process involves straining the material to a critical level which leads to a
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presumably critical level of stored energy, and then heating to above the "recrystallisation
temperature" under conditions which encourage directional grain growth rather than profuse grain
nucleation. This process produces elongated grains in an initially deformed microstructure. The
heating is usually performed in a moving thermal gradient and the recrystallised grains tend to grow
along the direction of the gradient (Allen et al., 1976). Chapter five deals with the directional
recrystallisation behaviour observed after zone annealing oxide dispersion strengthened nickel base
superalloy MA6000. The final chapters deal with the results of experimental work: chapter six and
seven report a series of exploratory investigations on the directional recrystallisation behaviour of
oxide dispersion strengthened ferritic stainless steels MA956 and MA957 respectively, the part
played by the oxide particles during recrystallisation of these alloys, and include a model developed
for solid-state process of directional recrystallisation has also been discussed.
Discussion specific to each set of results is included in the relevant chapters. Then in chapter
eight, all experimental findings are collected and summarised. In the present research an attempt has
also been made to directionally recrystallise the aluminium alloys produced by different processes,
but none of those aluminium alloys behaved positively towards directional recrystallisation.
Therefore, the results obtained after the performance of zone annealing experiments on aluminium
alloys are reported in appendix one and two.
3
CHAPTER TWO
Literature Review
2.1 Introduction
In the first part of this chapter the basic phenomena of recovery, recrystallisation and grain
growth are reviewed briefly. Attention is then focused on the development of strong alloys by
mechanical alloying. Finally the production, properties and applications of nickel base superalloy
(MA6000) and ferritic stainless steel (MA956) used for present worlc is reviewed.
2.2 Recovery
When a metal is plastically deformed by cold-worlcing, a certain fraction of the mechanical
energy which is expended during the defonnation process is retained or stored in the metal in the
form of various types of imperfections (Le., vacancies, interstitials, dislocations etc), while the
remainder is converted into heat (Titchener & Bever, 1958). The energy thus stored in the metal,
renders it thermodynamically unstable with respect to the unstrained, well-annealed condition. If the
temperature is high enough to permit reasonable atomic mobility, there will be a tendency for the
deformed metal to return again to a lower free energy or the annealed state. Accompanying such an
approach towards an equilibrium state will be a release of the stored defonnation free energy from
the metal. The variety of processes by which the annealed state is reached are classified into two
categories, recovery and recrystallisation (Vandermeer & Gordon, 1963).
2.2.1 Kinetics of Recovery
Byrne (1965) has explained the kinetics of recovery as the rate of recovery of a property from its
cold-worked value depending on the instantaneous value of that property; it is known that the rate of
recovery is a decreasing function of time. Another way of saying this is that, there is no incubation
time involved such as that exhibited by the horizontal portion of curve A of figure 2.1.
A finite rate of recovery exists immediately on the start of an isothennal annealing as exhibited
by curve B. This proves to be an important difference from the process of recrystallisation which
does exhibit an apparent incubation period. Curve B is called an exponential decay curve, since if
we call x the instantaneous value of some property in cold-worked condition, and if the rate of
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decay of x depends on x we have,
dx/dt = - kx
dx/x = - kdt
In x = -kt + constant
..... (2.1)
..... (2.2)
..... (2.3)
..... (2.4)
Equation 2.4 is an exponential decay curve and this is not the only type of decay observed
during recovery. If equation 2.1 were strictly obeyed, then two specimens of very different co1d-
work histories should, at a given value of x during annealing at the same temperature, have the
same decay rate dx/dt. Actually it is usually found that at a given value of x, dx/dt is less for a
sample which had the greater amount of cold-work at the start of recovery. If, in equation 2.1, we
regard x as the intensity of lattice imperfections responsible for the property changes, then k can
represent the probability that one imperfection disappears in a unit time.
i.e., k = Ke-(Q/RT) ..... (2.5)
Where Q is an activation free energy and K is a constant, R is the Universal gas constant and T is
the absolute temperature. Putting equation 2.5 into 2.1 and integrating between the limits of x to
o
x, we obtain the following results,
dx/x = -Ke-(Q/RT)dt
(In x)~ = _Ke-(Q/RT)
o
In {x Ix} = _Ke-(Q/RTh
o
..... (2.6)
..... (2.7)
..... (2.8)
which reduces to a first order equation (2.9) when T is constant and if Q is not a function of x
5
lnx/x=Ct
o
.....(2.9)
Several investigations on single crystals of zinc (Conrell & Aytekin, 1950) and aluminium
(Kuhlman et al., 1949) have shown that the increment of x of a physical or mechanical property
above that of the deformed metal is related logarithmically to "t" the time of recovery, so that
i.e.,
where "a" and "b" are constants
and
x=b-alnt
dx I dt = - a I t
.....(2.10)
.....(2.11)
Equation (2.11) shows that the rate of change of the property is inversely proportional to the
time, and is most rapid at the beginning of the recovery process. This behaviour has been confirmed
experimentally for several different physical and mechanical properties, but particularly for the yield
stress and electrical resistivity (Honeycombe, 1984).
The rate of recovery increases with increasing temperature, since recovery is a thermally
activated process. If an activation energy can be found for a given process, it may be possible to
deduce the mechanism by which the process occurs. However, an interesting question is whether or
not the activation energy for recovery is a function of time during isothermal annealing (Byrne,
1965).
It has also been suggested by Byrne (1965), that the activation free energy for recovery is the
activation free energy for self-diffusion less the stored energy of cold-work. An apparent difficulty
with this idea at first glance is that typical reported values of stored energy on a molar basis are
about 1/100 of typical self-diffusion activation energies, so the question arises as to how the stored
free energy can have any significant influence. One answer to this is that the stored free energy of
cold-work is not distributed homogeneously in a material, so that it is quite possible that in some
local regions recovery takes place with an activation energy (Qoelf.diffusion - Q~. In the specimen as a
whole, some amount of Q.,,¥ed must be retained after recovery if the specimen is to recrystalIise.
6
TIME OF ISOTHERMALANNEAL
Figure 2.1. Property increment due to cold-work versus time of isothermal anneal. (A) incubation
period typical of recrystallisation. (B) Typical decay during recovery (after Byrne, 1965).
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Figure 2.2. Power differential, representing released energy during the uniform heating of plastically
twisted copper rod. Recovery of resistivity and hardness are also shown (after Oarebrough et al..
1955).
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2.3 Release of Stored Internal Energy
When a piece of metal is plastically defonned, a certain amount of external work has to be
expended in the process. A small fraction of this work is retained as stored energy, and on
annealing the metal, much or all of this is progressively released in the fonn of heat The
measurements of released heat require highly sensitive differential calorimeters. These calorimeters
usually operate at steadily rising temperatures (Clarebrough et al., 1955) or isothennally (Gordon,
1955). In a series of experiments Clarebrough et al. (1955), have determined the stages of the
release of stored energy for copper and nickel. As shown in figure 2.2 some of their results correlate
the energy release with the change of other physical properties. Pure copper gives off little energy
during its recovery stage; only 3-10% of the total stored energy is released, depending on the
amount of pre-strain. In nickel, vacancies do not diffuse as readily as in copper, and here the
disappearance of vacancies is represented by the region below about 200°C. In figure 2.3 the second
small peak represents a fonn of recovery of uncertain origin. Bell and Krisement (1962), regard the
small peak as a beginning of the recrystallisation process. Further evidence, (summarised by
Clarebrough et al., 1963) suggests that this stage is connected in some way with the presence of
impurities, which slow down the motion of vacancies.
The energy released during the recovery of aluminium must be due entirely to dislocation
rearrangements and the fonnation of cell structures, since vacancies should all have migrated out of
the lattice at room temperature. Experimental results such as those in figure 2.3 can be combined
with theoretical values for the density, resistivity and stored energy associated with individual
vacancies and dislocations, and estimates made of the concentration of these defects in the original
defonned material; the overlapping data pennit useful cross-checks (Cahn, 1965).
According to Clarebrough et al. (1963), it is now thought probable that the least part of energy
release during the recovery stage is due to changes in the arrangement of dislocations, with or
without the fonnation of cell structure. This consideration complicates the calculation of vacancy
and dislocation concentrations from the calorimetric measurements. In nickel the energy Ery released
in recovery is about the same or 3 times greater thlln the energy Em released during recrystallisation
(Bell & Krisement, 1962 and Bell, 1965).
In aluminium, the proportion of energy released during recovery is again about equal to that
released in recrystallisation. In fact the fraction ErylErn is an inverse function of the specific energy
of stacking faults on the {111} planes of f.c.c metals. The lower the stacking fault energy, the more
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difficulty dislocations have in climbing out of their glide planes, an important process in recovery,
and the more recovery process is inhibited. In metals with a low stacking fault energy, recovery is
limited to the diffusion of vacancies out of the deformed metal; dislocations are not substantially
rearranged or eliminated until the beginning of the recrystallisation (Cahn, 1965).
2.3.1 Recovery of Microstructure
Polygonisation
A specially simple form of structural recovery is observed when a crystal is bent in such a way
that only a single glide system operates, and is subsequently annealed. The crystal "breaks up" into
a number of strain-free subgrains, each preserving the local orientation of the original bent crystal
and separated by the plane sub-boundaries which are normal to the glide vector of the active glide
plane. This process is termed as polygonisation, because a smoothly curved line in the crystal turns
into part of a polygon. This process has been reviewed by Hibbard & Dunn (1957) and Li, (1961).
Cahn (1949-50), used this term to describe the edge dislocation walls during the annealing of bent
single crystals. Crystals of zinc, aluminium, magnesium and sodium chloride were bent about an
axis parallel to their active slip planes. Transmission Laue patterns from these crystals taken with
the X-ray beam normal to the bent planes showed the expected continuous asterisms, but when a
bent crystal was then annealed close to its melting point and a second Laue pattern taken, the
asterism became discontinuous. Cahn (1950), explained the breakup of asterism as due to the
formation of walls of dislocations perpendicular to the glide planes as shown schematically in figure
2.4.
To understand the process, it must be recognised that the effect of bending the crystal is to
introduce a number of excess dislocations of one sign into the crystal to accommodate the curvature.
Thus the large difference in dimension between the outer and inner surfaces of a bent crystal implies
the presence of many extra lattice planes near the outer surface which terminate at edge dislocations
within the crystal. Upon annealing, these dislocations rearrange themselves into walls of the
boundaries which have a lower total elastic strain energy than the more random dislocation
arrangement, and this lowering of strain energy provides the driving force for the process. Both
climb and glide of edge dislocations is required to form the walls, and these processes require
thermal activation, which determines the rate of polygonisation. Oilman (1955) made the first
quantitative study of polygonisation and found the average angle of the polygon walls to vary
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linearly with the logarithm of time at each temperature. Owing to the application of electron
microscopy to the study of dislocation distributions in metals, it is now recognised that
polygonisation is a special form of sub-boundary formation. Most sub-boundaries are formed during
deformation, and are called "cell walls". During annealing the dislocation distribution within the
walls becomes more regular. A detailed analysis of the distribution of dislocations in the recovered
structure of a two-phase copper crystals has been made by Humphreys and Martin (1967), who
studied deformed and annealed specimens in the electron microscope from crystals sectioned in a
known relation to the active slip systems. Two copper based systems have been studied in this
context: copper-cobalt and copper-silica (where the dispersion of silica is produced by the internal
oxidation of a dilute copper-silicon alloy). In both systems, a dispersed phase was produced which
was of equiaxed form and of high dimensional stability over extended annealing periods, and the
results of annealing at 700°C were dependent upon the stage of deformation of the crystal.
According to Humphreys and Martin (1967) none of the two phase crystals recrystallised, but they
all recovered, within a few minutes, to structures consisting of networks.
2.4 Recrystallisation
Optimisation of grain structure is important in many cases to achieve desired properties e.g.,
superplasticity requires fine-grained material, whereas large grains or single crystals may be desired
for creep-resistance.
If a cold-worked material is annealed, new strain-free grains may form and replace the original
grain structure. This process is known as primary recrystallisation and proceeds by migration of high
angle grain boundaries. Further annealing 1eo.dsto coarsening of the recrystallised grains i.e., grain
growth (Rollason, 1961).
2.4.1 Mechanism of Recrystallisation
The plastic deformation of many metals produces internal stresses and alters the electrical
conductivity as well as the magnetic permeability of the material, and various other properties.
The effect of heating to different temperatures on the room temperature properties and the change
that occurs in grain structure is shown in figure 2.5 for a pure metal. As the temperature is first
increased, no change in microstructure can be detected and the strength properties are not
significantly affected. However, the electrical conductivity and magnetic permeability increase during
the early stages of heating.
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Furthermore, internal stresses are markedly decreased during this period. As shown in figure 2.5, at
the temperature corresponding to point (a), the severely deformed grains are replaced gradually by
stress free grains. At the temperature corresponding to point (b) in figure 2.5, the metal is essentially
free of internal stresses, and the structure consists of entirely of a very small equiaxed, stress free
grains. The temperature interval between points (a) and (b) is a zone of recrystallisation.
The recrystallisation temperature is conventionally defined as the lowest temperature at which
equiaxed, stress free grains appear in the microstructure of a previously plastically deformed metal
after annealing for a specified time period. The recrystallisation temperature depends upon several
factors, the principal ones of which are as follows:
1. The severity of plastic deformation.
2. The grain size prior to plastic deformation.
3. The temperature at which plastic deformation occurs.
4. The time for which the plastically deformed metal is heated to attain recrystallisation.
5. The presence of dissolved or undissolved elements.
The extent to which the degree of plastic deformation influences the recrystallisation temperature
of electrolytic iron, low-carbon steel and cartridge brass is shown in figure 2.6.
This figure 2.6, shows that the greater the amount of plastic deformation, the lower the
recrystallisation temperature. The finer the grain size, prior to plastic deformation, the lower will be
the temperature of recrystallisation. The lower the temperature at which plastic deformation occurs,
the lower the temperature of recrystallisation. Longer times at the temperature to which a plastically
deformed material is heated lead to a lower recrystallisation temperature. If, for example, a metal is
deformed to a certain degree and heated to a particular temperature for 15 minutes, no evidence of
recrystallisation may be observed. If it is held for 2 or 3 hours at the same temperature,
recrystallisation may be noted. On the other hand, if the same metal, plastically deformed to the
same degree and heated to a somewhat higher temperature, complete recrystallisation may be
observed in a shorter time. This illustrates the effect of temperature and time upon the
recrystallisation process. Soluble impurities and alloying elements generally increase the temperature
of recrystallisation. Insoluble impurities are expected to inhibit grain boundary motion and hence
may retard recrystallisation and grain growth (Clark and Varney, 1962).
The most highly developed and valid theory for recrystallisation is Cahn's (1950). In Cahn's
theory, strain-free regions of small size form by polygonisation in the early stages of annealing. This
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is not a nucleation process in the true sense, but occurs by thermally activated dislocation
rearrangement. The apparent incubation period obtained by extrapolation of experimental curves like
that shown in figure 2.7 is not the time to form a nucleus but it is an indication of an initial period
of slow growth. In a sense, recrystallisation is now only a growth process, although the operational
definition of the nucleation rate remains valid (Christian, 1965). The reasons for the increase of
growth velocity with size have been elaborated by Cottrell (1953). According to Cottrell, the initial
boundary between a growing region and its surroundings will be of a low energy type interface and
hence may be immobile, except in the special circumstances where a glissile boundary is possible.
As the boundary moves outwards it collects up individual dislocations and the orientation of the
surrounding matrix deviates (tangles cell walls), increasingly from that of recrystallised region.
When this misorientation becomes sufficiently large a high angle boundary of relatively great
mobility has been formed. This theory emphasises the importance of the variables giving boundary
migration rates, not only for grain growth at the later stages of recrystallisation but also throughout
the recrystallisation process.
2.4.2 Kinetics of Recrystallisation
The kinetics of recrystallisation are very dependent on a large number of external variables, the
most important of which are probably the amount of pre-strain, the purity of material and the
orientation difference between a recrystallising grain and the matrix into which it is growing. A
minimum amount of deformation is necessary before recrystallisation can be produced, implying
driving force and also that recrystallisation may not happen if recovery processes reduce the stored
energy below a critical level. The recrystallisation rate is, of course, temperature and time
dependent, but the temperature at which this becomes appreciable and the time required to complete
the recrystallisation both decrease with increasing amounts of deformation. The structure of a metal
prior to deformation is also important: a deformed fine-grained metal recrystallises more readily than
a coarse-grained material (Christian, 1965).
2.4.3 Secondary Recrystallisation
The process of secondary recrystallisation has been described by a number of authors such as,
Cahn (1950), Clark & Verney (1962), and Cahn (1965). But the secondary recrystallisation process
can always be described as when the annealing of an initially deformed sample is continued long
beyond the stage when primary recrystalIisation is complete. The even tenor of grain growth may be
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interrupted by the sudden very rapid growth of a few grains only, to dimensions which may be of
the order of centimetres, while the rest of the grains remain small and are eventually all swallowed
by the larger grains. This process is known as secondary recrystallisation. The process has the
following general characteristics;
(a) The large grains are not freshly formed; they are merely particular grains of the primary
structure that have grown large.
(b) The first stage of the growth of the large grains is sluggish; there is an induction period
before secondary recrystallisation gets under way.
(c) The factors governing the choice of victorious primary grains which are to grow large, and
the mechanism of the early stages are the least understood parts of the process. It is generally
agreed that the secondary grains must be appreciably larger than the primary grain size, and must
have orientations which diverge from the main primary texture.
(d) Something must inhibit normal uniform grain growth; it is only when the grain growth is
very slow that large secondary grains can effectively grow. Inhibition by a dispersed phase, by
primary texture or by sheet thickness may all play a part.
(e) The secondary texture, when complete, sometimes has a pronounced texture. Such a texture
always differs from the previous primary texture.
(t) A well-defined minimum temperature must be exceeded for secondary recrystallisation. The
largest grains are normally produced just above this temperature; at higher annealing temperatures
smaller secondary grains are formed.
(g) Once the large grains are weIllaunched the driving force for recrystallisation normally arises
from grain boundary energy, Gust as in normal grain growth); under special circumstances, the
surface energy of the grains can contribute. Figure 2.8 shows several of these regularities (Cahn,
1983).
2.4.4 Factors Effecting Recrystallisation
Contrary to common belief, increasing the number of inclusions present in metallic materials can
sometimes increase the rate of isothermal recrystallisation (Leslie et al., 1963). According to Leslie
et al., the condition for this to be true is that the growth begins at each inclusion. The function of
inclusions, or second-phase particles was assumed to provide regions in which the lattice is
relatively undeformed and surrounding by highly deformed material. In addition, the inclusions
15
provide interfaces which can serve as sinks for the line and point defects during annealing. An
example of second-phase particles which contribute to rapid recrystallisation are the cementite
particles in Iow-carbon steels.
If precipitates are made to form after cold-work but prior to recrystallisation, they usually form
heterogeneously at prior grain boundaries and dislocation cell walls. During annealing, the
precipitates act as barriers, preventing many of the cells from growing and obstructing the
movement of prior grain boundaries. This, of course, in general leads to the formation of elongated
recrystallised grains, a reduction in the rate of recrystallisation, and a tendency for the cold-worlced
texture to remain unchanged. If the effects of precipitation prior to cold-work are now considered, a
distinction must be made between finely dispersed precipitates and coarse, widely dispersed
precipitates (Byme, 1965).
Leslie et al. (1963), reported that in an iron 0.8 vol% copper alloy given a precipitation treatment
prior to cold-worlc, rod-shaped copper particles formed preferentially at grain boundaries, while other
particles were associated with dislocations. When this material was cold-rolled to 60% reduction, a
much less clearly defined cell structure resulted. Upon annealing this material, cell formation was
inhibited and a very uniform dislocation distribution was produced due to the fact that copper
particles, which had deformed, reconstituted themselves into chains of nearly spherical particles
along the traces of the initially elongated particles.
2.4.5 Behaviour of Dispersed Particles during Recrystallisation
If an alloy containing particles of a second-phase, is plastically deformed there are two basic
ways in which the particles can behave:
(a) The dislocations in the matrix can run through the particles, splitting them by the operation of
slip systems and after a high degree of deformation lead virtually to the solution of particles.
(b) The particles possess mechanical properties such that they cannot be deformed (Koster,
1971).
Many high-temperature high-strength alloys such as SAP (sintered aluminium powder) or TD
nickel (thoria dispersed nickel) have a microstructure consisting of a matrix containing a high degree
of dislocations and a finely divided dispersed second-phase. As a rule, a hardened material of this
type recrystallises at a higher temperature and thus rapidly 10 ses its hardness. To maintain strength
at high temperature, the dispersed phase must retard recrystallisation of the matrix. The
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recrystallisation behaviour of such materials is thus of great technical interest
Compared with the behaviour of the matrix without particles, the dispersed particles can cause
either an acceleration or a retardation of recrystallisation.
The phenomenon can be explained in general terms by considering that the particles will have
the effect of increasing the dislocation density when the specimen is plastically deformed thus
increasing the driving force for recrystallisation. On the other hand the particles hinder both the
rearrangement of dislocations and dislocation networks to mobile high angle grain boundaries and
the migration of these, leading to a retardation of recrystallisation (Koster, 1971).
It has been suggested by Cahn (1965) that if the dispersion drag is insufficient, too much normal
grain growth occurs, if the dispersion drag is too great, the secondary grains can-not grow at all. As
shown in figure 2.8 the primary grain size of the pure alloy increases more rapidly than that of an
alloy doped with a manganese-sulphide dispersion; the latter undergoes secondary recrystallisation,
the fonner does not (Cahn, 1965).
A dramatic illustration of the importance of even very small amounts of dispersed phase in
promoting secondary recrystallisation is provided by the work of Calvet and Renon (1960). They
heat-treated a number of aluminium-copper solid solutions at a temperature close to the solid
solubility limit Effective inhibition of normal grain growth and very rapid secondary
recrystallisation was observed, whenever the annealing temperature was as little as 1 to 2°C below
the temperature at which all the copper present just entered into solid solution; at or above this
temperature only rapid normal grain growth was observed. The dividing line between the two modes
of recrystallisation in alloys of different compositions accurately traced out the known solubility
curve. The volume fraction of dispersed phase just below the solubility line must be very small, less
then 0.001%, but this is apparently enough to retard normal grain growth quite severely and thus
permit secondary recrystallisation.
It is very well established that the second-phase particles may either stimulate or decelerate the
recrystallisation process as compared with the behaviour of a single phase alloy (Humphreys, 1979).
It has long been recognised by Doherty and Martin (1962), that the interparticle spacing is of
particular importance in determining the recrystallisation kinetics. Alloys with large interparticle
spacings show accelerated recrystallisation. The time for recrystallisation or the recrystallisation
temperature is reduced as the particle size increases for a given volume fraction (Mould & Cotterill,
1967 and Hansen & Bay, 1972).
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The number of recrystallisation nuclei formed at a particle, is also a function of the particle size
(Humphreys, 1980a). Humphreys (1977) observed that for particles in the size range 1-51lm,usually
only one grain is nucleated, but at particles larger than about 1OIlm,multiple nucleation is frequently
observed by English and Backofen (1964), Herbst and Huber (1978), and Bay and Hansen (1979).
2.5 Grain Growth
The process of primary recrystallisation is generally considered to be complete when the
boundaries of expanding, recrystallised, regions have migrated through the metal to such an extent
that they have impinged on each other, thereby replacing the original deformed structure by a new
strain-free polycrystalline structure. At this stage of annealing the metal has a new grain size which
is the minimum that can be attained for the particular combination of metal composition, amount
and form of prior deformation and annealing temperature. However, although the relatively high
internal energy of the deformed state has been removed by primary recrystallisation, the resulting
structure is in principle metastable and a further reduction in overall free energy can be achieved by
a reduction of the total grain boundary area within the metal. Hence, a continuation of annealing
leads to further migration of grain boundaries through the recrystallised structure, thereby a structure
containing a smaller number of enlarged grains and this process of grain coarsening is known as
grain growth (Cotterill and Mould, 1976).
In other words "the uniform coarsening of the grain structure of a stress-free material maintained
at high temperature is described as grain growth". Grain growth is normally regarded as a process
following primary recrystallisation but in principle it may also be observed in cast metals (Christian,
1965). According to Christian (1965) the driving force for this process, is the surface free energy of
the boundaries remaining in the specimen. The driving force is proportional to (1/r1) + (1/r2), where
r1 and r2 are the two principal radii of curvature in mutually perpendicular directions of a local
section of a boundary. Observations of boundary migrations on a planar section may be made by
quenching the specimens at intervals during the growth, or by observing continuously with a hot
stage microscope. Such observations show that boundaries generally migrate towards the centre of
curvature, as required by the above assumption about the driving force. The requirements of local
surface free energy at three grain junctions can be fairly readily met by relatively small atomic
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adjustments, so that under most conditions the angular relations of the three surfaces which meet at
an edge will be maintained close to the equilibrium configuration. In order to satisfy this condition,
most of the boundaries cannot be planar, and hence will migrate towards their centre of curvature by
a process of atom transfer across the boundaries. This migration will generally be continuous, but
occasionally unstable situations will arise leading to a rapid re-adjustment and corresponding
discontinuities in the motion. Figure 2.9 shows how the migration of the boundaries towards the
centre of curvature gives grain junction which immediately separates into two new three-grain
junctions. In figure 2.9, growing grains A and C, each acquire a new surface as a result of this
process, and shrinking grains Band D each lose a surface. By means of this type, grains
occasionally increase or decrease the numbers of their bounding interfaces, and grains with only
three interfaces are periodically eliminated completely. In principle, grain growth should continue
until the whole specimen is a single crystal, or at least until the grains have dimensions comparable
with the smallest external dimensions of the specimen, the grain boundaries then being planar and
stable. This is sometimes observed but more usually a limiting grain size is achieved, after which
grain growth virtually ceases. The blocking of grain boundary migration may be effected by
inclusions (Christian, 1965).
Holmes and Winegard (1959-60), investigated the effects of small additions of lead, bismuth,
silver and antimony on the grain growth of zone-refined tin. They found that the grain growth was
retarded to an increasing extent in going from lead to bismuth to silver as solute. Rhmes and
Paterson (1982) investigated the effect of degree of prior cold-work on the rate of grain growth of
recrystallised aluminium. They concluded that the range of grain size decreases monotonically with
the degree of cold-work of the metal preceding recrystallisation. They also state that the rate of the
grain growth decreases with increasing the degree of cold-work prior to recrystallisation.
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Figure 2.9. The migration of the grain boundaries in (a) produces the unstable four grain junction of
(b) which immediately splits into two three-grain junctions (after Christian, 1965).
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2.6 Rapidly Solidified Aluminium-Chromium-Zirconium Allo,Ys
Low density aluminium alloys produced by rapid solidification technology have the potential to
replace titanium alloys in aerospace applications, where service temperatures preclude the use of
conventional aluminium alloys (Miller and Palm er, 1985). A number of applications have been
identified (Thomas et al., 1986), for rapidly solidified Al-Cr-Zr alloys in aircraft structures, engines
and in missiles, which can be summarised as follows:
Aircraft:
- general structure for high speed aircraft (>mach 2.5).
- engine support structure for all aircraft.
- exhaust shield supports.
- hot air ducting.
- wheels.
Engines:
- low temperature fan and compressor cases.
- blades and vanes.
Missiles:
- fins, winglets.
- skins.
- support structure.
The potential for these aluminium alloys has also been identified in industrial and automotive
engines, in particular in piston and in connecting rods. The main advantage of rapidly solidified
aluminium alloys over competitive materials are in the area of weight and cost savings. These
results from the lower density of the alloys compared to titanium or steel, and the relatively low
machining and fabrication costs (Thomas et al., 1986).
2.6.1 Production of Rapidly Solidified Aluminium Alloys
1. Solidification Techniques
The principal technique used commercially for the production of RS aluminium alloys is
atomisation. There are wide variety of methods used to atomise aluminium alloys e.g., air
atomisation, inert gas atomisation, centrifugal atomisation, and ultrasonic atomisation (Lawley,
1977).
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2.6.2 Gas Atomisation Process
In gas atomisation, one or more high velocity air jets or other gas impinges upon a stream of
molten metal. The molten metal stream is broken up into small particles, generally allowed to
solidify in flight by convection and radiation (Lawley, 1977). The cooling rates depend strongly
upon particle size, with higher rates as particle size decreases. There is a wide distribution in
particles size, but generally quench rates in the range of 100 - 1O,OOO°C/ second are achievable
(Maringer, 1980).
Production rates of tens of pounds per minute can be achieved, and the process can be adapted to
batch or continuous operations. The powder handles and pours well. With aluminium, however, a
special problem exists. When aluminium powders are handled in moist air, hydrates tend to fonn on
their surfaces (Tietz & Palmer, 1981). These, if not removed, tend to fonn blisters on subsequent
solution annealing. Thus, green compacts of aluminium are generally canned, evacuated and
outgassed at some appropriate temperature (as high as 500°C) prior to consolidation by hot pressing,
hot isostatic pressing, extrusion etc (Malinger, 1980). The general requirements of the atomisation
process are:-
a. Molten Metal Treatment
To ensure the advantages of rapid solidification are obtained it is usually necessary to have
melting furnace with a high temperature capability > 1000°C. This is essential for alloys which
contain transition metal additions such as Fe, Mo, V, Cr or Zr. For alloys intended for structural
applications low gas levels are described and a high level of metal cleanliness is essential (Miller &
Pa1mer, 1985).
b. Particle Size and Shape
The key feature of an atomising unit should be to produce a high yield of fine powder e.g.,
ideally around 50J.UIlto 25J.lm in diameter to achieve structural unifonnity. The shape of the
particles depends on the atomising gas. Atomisation in the presence of oxygen produces an acicular
powder. The shape of this powder can be an advantage since it aids consolidation due to
interlocking between the powder particles (Ramaswamy & Ramakrishnan, 1981). In contrast inert
gas atomisation produces a spherical powder, which is more difficult to consolidate.
The size distribution of the powder also influences subsequent consolidation. A wide range of
particle sizes can be an advantage since the smaller particles fill the voids between the larger
particles. However, a wide range in particle size implies a wide range in solidification rates and
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hence in microstructure, which is likely to be detrimental to the final product (Miller & Palmer,
1985).
The other main technology for producing rapidly solidified (RS) aluminium alloys is substrate
quenching e.g., melt spinning, melt drag, splat quenching and planar flow casting (PFC). The
particulates so produced are generally in a form unsuitable for direct processing. Comparison of the
consolidation behaviour of powder and flake has shown that flakes are more difficult to consolidate
and are prone to delaminar failure (paris et al., 1980). This is due to their tendency for a poor
interfacial bonding between the individual flakes (Maringer, 1980). Consequently substrate quenched
materials generally require processing to a finely divided form prior to consolidation. However,
provided the process parameters are well controlled, techniques such as planar flow casting have the
potential to produce a more uniform microstructure than atomisation.
2. Consolidation
Aluminium alloys have an oxide film on the surface, even after inert gas atomisation. This reacts
with any moisture to form a hydrated oxide A~03.3H20. This hydrated oxide breaks down during
processing to produce water, hydrogen and further oxide. The resulting gases can cause blistering
and hydrogen embrittlement (Tietz & Palmer, 1981).
A number of techniques have been developed to degas the powder prior to consolidation (Kim et
al., 1983). Generally they involve heating the partially consolidated material under a dynamic
vacuum. From the metallurgical point of view the degassing time and temperature should be
minimised to avoid the microstructural degradation. In the case of thermally stable alloys where
processing and service temperatures are generally below 350-400°C, it may not be necessary to
decompose monohydrate since this is stable at these temperatures (Pickens, 1981). The problem of
degassing time, Le., sufficient to remove degassing products but avoid structural degradation, will
increase as billet size increases. The difficulty is in heating large masses of powder with poor
thermal conductivity. For pellets in the size range 7-9 mm diameter, a degassing time of 6-8 hours
is required. Techniques will have to be developed to satisfactorily degas large volumes of powder
and this will probably involve dynamic methods, rather than the static ones currently in use.
The most general method of consolidation is extrusion and the main requirements for this method
are:
1. Low temperature to avoid coarsening of the rapidly solidified microstructure.
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2. An extrusion ratio of at least 15:1. This is necessary to fully disrupt the oxide film.
3. Minimisation of frictional heating during extrusion by appropriate die design. A typical
production sequence is shown in figure 2.10 (Miller & Palmer, 1985).
2.6.3 Background of RS Al-Cr-Zr Alloys
The earliest use of powder metallurgy alloys in improving the high temperature of aluminium
was the development of (SAP) sintered aluminium powders (Bloch, 1961). Early work in the United
Kingdom (U.K.), showed that Al-8wt% Fe alloys were capable of achieving high strength and
improved thermal stability (Thursfield and Stowell, 1974).
Initial work at Alcan (Marshall et al., 1986) assessed the influence of chromium and zirconium
on thermal stability for a wider range of compositions. It was found that the alloy with the additions
of chromium was resistant to solute clustering and precipitate coarsening at elevated temperatures
(450°C), while maintaining a high degree of solid solution strengthening. In contrast, the additions
of zirconium produced an age-hardening response. Figure 2.11 shows the influence of chromium and
zirconium content on the microhardness of rapidly solidified particulate. It is clear that the age-
hardening response is enhanced by increasing the zirconium content However, the addition of
chromium serves only to increase hardness without changing the extent of ageing response.
It was concluded by Marshall et al. (1986), that the alloys containing 4-5wt% Cr and 1.5-2wt%
Zr provided a satisfactory basis for further development. The ageing response of a mid-composition
range alloy is shown in figure 2.12 for a number of temperatures. A substantial ageing response is
apparent at temperatures in the range of 350-450°C, with attainment of peak hardness after times
varying from 1 to 24 hours. Moreover, the more significant features are the low hardness of the as-
produced rapidly solidified particulate and the slow ageing response at normal working temperatures.
These aspects aid the consolidation of rapidly solidified particulates into a wrought form which can
then be heat treated to required level of strength and thermal stability. The composition of the alloy
discussed is Al-4.82Cr-1.40Zr-1.41Mn wt% and is one of a series of alloys under development
which also contain manganese additions, which significantly improve the thermal stability of Al-Cr-
Zr alloys (Hughes et al., 1985).
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Figure 2.10. Typical production sequence for powder metallurgy (PM) ingot (after Miller and
Palmer, 1985).
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2.6.4 Physical Metallurgy of RS Aluminium Alloys
Thomas et al. (1986), examined the microstructure of the extruded material using transmission
electron microscopy, and they noted the inhomogeneous nature of the microstructure. Some fine
A13Zr dispersoids and also regions of the coarser AI13Cr2 phase were observed.
According to Thomas et al. (1986), ageing of the wrought material at 300°C for periods up to
1000 hours results in only a slight increase in the density and size of the Al3Zr particles, consistent
with the low diffusivity of zirconium in aluminium.
The broad Al13Cr2 peak observed in DSC (differential scanning calorimeter) trace from the hot
compacted powder (figure 2.13), shows that in this condition chromium can begin to precipitate
from solid solution or coarsen at temperatures below those anticipated from studies of as-atomised
powder. The effect combined with hot working experienced during the extrusion process itself, can
result in partial decomposition of the chromium solid solution in wrought material. The
decomposition may result in coarsening of the dispersoid as well as the nucleation of new particles
on dislocations. Satisfactory consolidation of the alloy powder is dependent, therefore. upon the
thermomechanical cycle encountered prior to and during consolidation. Clearly the higher the
extrusion temperature, the more important is the control over the prior thermomechanical treatment
(Thomas et al., 1986).
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2.7 The Development of Strong Alloys by Mechanical Alloying
The development of higher strength capability in metallic materials has generally been achieved
by increasing the number and level of alloying additions. The sequential development of wrought
iron, carbon steel, low alloy steels and highly alloyed steels is an obvious example, there are
parallels in copper and aluminium alloys (Fleetwood, 1986). But perhaps the most celebrated
sequence of alloy development is that of the nickel-base superalloys, and it was in seeking to raise
their limits by another notch that mechanical alloying was developed (Hack, 1984).
Mechanical alloying originated from a long search for means to add high-temperature strength
conferred by a fine dispersion of ceramic particles to the intermediate temperature strength
developed by conventional alloying. According to Benjamin (1970), from the initial laboratory
success in 1968, the process has been developed into a well-controlled production operation: whole
series of nickel, iron, aluminium and other alloys have been designed specifically to use the process,
and techniques have been developed to form and fabricate the alloys into useful components. After
many years of development, mechanically alloyed (MA) materials are now in limited use in a range
of applications, but work continues to extend their use (Fleetwood 1986).
2.7.1 The Mechanical Alloying Process
The mechanical alloying process is divided into two major parts: 1. high-energy milling; 2.
consolidation and structure control.
1. High-Energy Milling
Mechanical alloying makes possible the combination of dispersion, solid-solution and
precipitation strengthening by mechanical mixing all the constituents in powder form ever more
intimately until diffusion completes the formation of true alloy powder (Gilman & Benjamin, 1983).
Mixing is achieved by dry high-energy ball milling, under conditions such that the materials are not
only fragmented but also rewelded together, a process prevented in conventional ball milling by the
use of liquids and surfactants. Throughout the period in which mechanical alloying was being
developed, high-energy milling was performed in attritors, in which the ball charge is stirred
vigorously with rotating paddles (Fleetwood, 1986). The first commercial production used attritors
which were able to process up to 34 kg of powder per charge, but in the latest production units, up
to 1 ton of powder is processed in 2 m diameter mills containing more than a million balls which
weigh a total of around 10 tons. The charge is a blend of elemental and prealloyed powders, at least
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one of which is a ductile material, and a crushed master alloy containing intermetallic compounds of
the most reactive elements. For example, titanium and aluminium are added as Ni-Ti-AI alloy,
which has a much lower activity than pure titanium and aluminium. To provide a dispersed phase in
nickel and iron base alloys, fine inert oxides such as Y203(yttria) can be included into the charge.
Weber (1980), illustrated the effect of a single high energy collision between two balls on powder
trapped between them (figure 2.14). The ductile elemental powders are flattened, and where they
overlap, the atomically clean surfaces just created weld together, building up layers of composite
powders and the dispersoid. At the same time work-hardened elemental or composite powder
fracture. These competing processes of cold welding and fracture occur repeatedly through out the
milling, gradually kneading the composites so that their structure is continually refined and
homogenised. After the initial stage of milling the composite shows coarse layers of identifiable
starting materials, with the dispersoid closely spaced along the welds. After more refinement through
fracture and welding, the composites develop a structure of convoluted lamellae of decreasing
thickness between welded surfaces along which dispersoids are closely spaced. The combination of
severe cold-work and heating from the kinetic energy of balls aids diffusion and as diffusion
distances continually decrease by the finer mixing of constituents, solute elements dissolve, areas of
solid solution grow in composite powders and metastable phases may precipitate. In the final stage
of milling the lamellae become more convoluted and thinner « lllm) and the composition of
individual particles converges to the overall composition of the starting powder blend. Precipitation
of equilibrium phases occurs, work hardening and softening reaches a balance, and the
microhardness of the individual powder particles attains a saturation value around 650 kg mm-2 for
Fe-Cr alloys (Gilman & Benjamin, 1983). Finally the lamellae are no longer resolvable optically and
the distance between dispersoid particles along the weld interfaces, approximately equal to the
spacing between the welds. Then, the composition of individual· powder particles is equivalent to
that of the starting blend and mechanical alloying is complete. Further milling will produce no
further homogenisation in either the matrix or the dispersion (Fleetwood, 1986).
2. Consolidation and Structure Control
Oxide dispersion strengthened powders do not densify on simple sintering and the high hardness
of mechanically alloyed powder prevents cold pressing, so the powder discharged from the mill
must be consolidated by a combination of high temperature and pressure, hot compaction plus hot
extrusion in a can, or hot isostatic pressing (Gessinger, 1984). Extrusion of canned powder is
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Figure 2.14. Schematic diagram showing the effect of single collision between two balls on trapped
powder (after Weber, 1980).
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generally preferred, being the cheapest process and able to provide anisotropic structures with good
properties (Fleetwood, 1986). High temperature treatment before hot consolidation completes
homogenisation by diffusion. Any further processing after extrusion must be carefully controlled to
generate the optimum grain structure for particular applications. Two microstructures are beneficial:
1. Fine equiaxed grains, giving the best room temperature strength, fatigue strength and
workability.
2. Coarse elongated grains, giving the best room temperature stress-rupture strength and thermal
fatigue resistance. The fine grained condition exists in extruded material, whereas coarse elongated
grains are developed by recrystallisation of material thermomechanically processed to produce a high
level of stored strain energy. It is a complex matter to control the stored energy, which depends on
the whole thermomechanical processing history of the material: from the conditions of milling,
through the temperature, ratio and speed of extrusion, to the details of post extrusion processing,
including hot and cold rolling or forging, and the grain coarsening anneal. Achievement of the
highest strength attainable by mechanically alloyed material demands the closest control of
production (Fleetwood, 1986).
2.7.2 Processing and Properties of lnconel Alloy MA6000
Nickel is charged to the ball mill as 4-71lm elemental powder, chromium, molybdenum, tungsten
and tantalum as -150JllI1 elemental powder and the most reactive elements aluminium, titanium,
boron and zirconium -150JllI1 crushed nickel-base master alloys. Y203 is added as
l/lffi agglomerates of 20-40 nm particles, on completion of mechanical alloying, the dispersoid is a
mixed oxide of Y203- Al203.
To optimise the properties the recrystallised alloy is heat treated for 0.5 hour at 1230°C and air
,
cooled to take y into solution and for 2 hours at 955°C air cooled + 24 hours at 845°C and air
,
cooled to precipitate the y of the best size and distribution. Figure 2.15 compares the specific
rupture strengths (strength/density) for 1000 hours life as a function of temperature for MA6000 and
other high strength alloys. MA6000 approaches directionally solidified nickel base superalloy DS
MAR-M200+HF in strength and is progressively stronger than the cast alloys at temperatures above
,
about 900 cC, as y strengthening declines (Fleetwood, 1986).
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Figure 2.15. Specific stress-rupture strength for 1000 hours of Inconel MA6000 compared with other
high-strength alloys (after Fleetwood, 1986).
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2.7.3 Oxide Dispersion Strengthened Ferritic Alloys
Recently, advanced ferritic-base oxide dispersion strengthened alloys have been developed. The
most highly developed material is Incoloy alloy MA956 (Fe-20Cr-4.5Al-OATi wt%) and is
dispersion strengthened with Y 20J' MA956 has been made in the form of bars, sheets, plates, wires,
tubing, forgings, rings, hot spinnings and fabrications.
2.7.4 Production and Properties of Inc%y Alloy MA956
MA956 is mechanically alloyed from elemental iron powder, Fe Cr Al Ti master alloy crushed to
-150j.UTI, and Y20J powder is added and hot compacted by extrusion. Bar stock is made by
extrusion and hot rolling followed by static annealing to attain the recrystallised grain structure,
elongated along the rolling direction. Plates and sheets require hot and cold rolling, with hot cross-
rolling to obtain "pancake" shaped grains after recrystallisation giving isotropic properties in the
plane of the sheet The first step of tube making is hot compaction by direct upsetting against a die
in the extrusion press to provide a 300 mm diameter billet. This is bored to a hollow perform,
conventionally extruded to a tube shell, and then this tube reduced on a Pilger mill. The resulting
fine grained tube is recrystallised to coarse grains elongated along the tube axis (Fleetwood, 1986).
MA956 in the form of bar and sheet exhibits high stress rupture strength. The high strength
capability is combined with exceptional high temperature oxidation and corrosion resistance,
associated with the formation of alumina oxide scale (Kane et al., 1984). MA956 has a good cyclic
oxidation resistance. The alumina scale is an excellent barrier to carbon in situations where
carburisation occurs in hydrogen methane mixture at 1000°C. Sulphidation resistance is also good
(Fleetwood, 1986).
2.7.5 Fabrication and Applications of MA956
MA956 cold rolled annealed sheet is readily formed into complex components. However, because
the alloy behaves as a ferritic steel, it has reduced ductility during forming below its ductile-brittle
transition temperature, which is 0-80°C, dependent on product form and stress rate (Incomap).
Although the forming of simple shapes is possible at room temperature, more complex operations
are best observed by slightly warming the material to lOGoC (Robinson, 1982). This material can
be formed in hot finished or fine grained condition. Both hot spinning and ring rolling are used to
manufacture components having circular symmetry. After forming, the fine grain components are
annealed at 1300-1350°C to produce normal coarse recrystallised grain structures (Hack, 1984).
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MA956 may be tungsten inert gas welded using a near matching Fe-Cr-AI filler wire for corrosion
resistance but such welds have less strength at high temperatures, than the wrought sheet alloy.
Electron beam and laser welds have been shown to have useful high temperature properties, as high
brazed joints (Hack, 1984). Riveting using MA956 rivet rod, has also been effective in several
applications (Macdonald, 1981). The forging of the mechanically alloyed oxide dispersion
strengthened is normally carried out with work piece in a fine grain condition, i.e., as-rolled or as-
extruded. No problems are experienced in forging MA956, using conventional techniques (Hack,
1984).
The sheets, plates, spinnings, rings and forgings of MA956 have applications in combustion
chamber and turbine casing sections where the resistance of the alloy 10 creep, oxidation and
sulphidation allows higher metal temperatures and longer component life. The relative ease with
which the ferritic Incoloy alloy MA956 may be hot and cold-worked has made possible a wide
range of mill forms suitable for general industrial applications requiring temperatures up to 1300°C
(Hack, 1984).
One of the non-aerospace applications of MA956 is for burner hardware in coal and oil burning
power stations. The burner flame stabliser, made from MA956 sheet and rivets, is used for in
severely corrosive environment in which metal temperatures up to 1230°C are experienced
(Macdonald, 1981). The use of this alloy allows several thousand hours of operation without any
distortion or significant wastage. MA956 is also used in fluidised bed combustion and has been
evaluated successfully for local gasification in which the resistance to sulphidation and carburisation
is outstanding (Lloyd and Cooke, 1981).
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CHAPTER THREE
Experimental Techniques
3.1 Materials
As mentioned earlier, in order to obtain a high level of confidence in any attempt at modelling
the directional recrystallisation, it was essential to cover a wide range of temperatures and time. For
this reason experiments have been conducted on a variety of materials, including oxide dispersion
strengthened alloys and aluminium alloys. The chemical compositions of the materials used are
given in Table 3.1.
Table 3.1. Chemical compositions of the materials investigated.
Alloy designation Chemical Composition (wt%)
C Cr Al Ti Ta Mo W Zr B Y203 Balance
MA6000 0.05 15 4.5 2.5 2 2 4 0.15 0.01 1.1 Ni
MA956 0.01 20 4.5 0.5 0.5 Fe
MA957 0.01 14 ~
LO 0.3 0.27 Fe
Alloy designation Chemical Composition (wt%)
Zr Mn Mg Si Fe Cu Balance
4.82 1.40 1.41
5.20 1.89 0.96
AI5
AIlS
AA3003
Al20
0.1
Q,l
1.2 0.6
0.95 0.8
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AI (Air atomised)
AI (Nitrogen atomised)
0.7 0.1 Al
0.7 1.25 AI (20wt%SiC reinforcement)
3.2 The Fabrication Details
Mechanically alloyed oxide dispersion strengthened alloys and low density aluminium alloys
produced by rapid solidification technology and commercial aluminium alloys have been used to
study the directional recrystallisation. The processes involved in mechanical alloying and rapid
solidification technology are discussed in detail in chapter 2. In this section the fabrication details of
the specific alloys used in the present work are described.
Inconel *MA6000
Inconel MA6000 is an oxide dispersion strengthened nickel base superalloy. The mechanically
alloyed MA6000 was fabricated by charging nickel to the ball mill as 4 - 7 Jlm elemental powder,
chromium, molybdenum, tungstun and tantalum as -150 Jlffi elemental powders, and the most
reactive elements aluminium, titanium, boron and zirconium as -150 Jlffi chrushed nickel base master
alloys. y203 is added as 1 Jlffiagglomerates of 20 - 40 run particles (Incomap).
Consolidation was achieved by extrusion of the powder in a mild steel can. The extruded size for
Inconel alloy MA6000 was 54 mm diameter. Alloy was rolled with the can in-situ.
Conventional hot rod rolling methods were used to process the extruded bar, the hot-rolling
temperature was 1040°C. Inconel alloy MA6000 bar was subsequently decanned by acid
pickling (McColvin, 1987). The material was supplied in the hot-rolled condition with the
dimensions of 20 mm diameter and 800 mm long, with no subsequent heat treatment applied.
Incoloy*MA956 and MA957
Incoloy MA956 and MA957 are oxide dispersion strengthened ferritic stainless steels. ODS
ferritic steel MA956 was fabricated by charging three primary powders, elemental iron, a pre-alloyed
chromium rich master alloy and yttria, to a water cooled vertical attritor and milled (Incomap).
The consolidation of the resultant powder was achieved by extrusion of the powder in a mild
steel can, for the Incoloy alloy MA956 the extruded size was 65 mm diameter. The alloy was then
machined to remove the mild steel can prior to rolling. Conventional hot rod rolling methods were
used to process the extruded bar. The extruded bar of Incoloy MA956 has been hot-rolled at
1000°C (Incomap). The Inconel alloy MA956 bar was the representative sample of the commercial
grade material and Inconel alloy MA957 was taken from a development program, no further
information about the fabrication details for MA957 has been given by the suppliers. Both bars were
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received in the hot-rolled condition with no subsequent heat treatment applied, with the dimensions
as follows:
1. Incone1 alloy MA956 hot-rolled bar 25 mm diameter x1000 mm long.
2. Inconel alloy MA957 hot-rolled bar 9.5 mm diameter x1000 mm long.
* Alloy names marked with an asterisk are all trade names of the Inco family of companies.
RST AI·S (air-atomised) and AI-IS (nitrogen-atomised)
Rapidly solidified Al-Cr-Zr alloy powders were produced by the horizontal air atomisation and
horizontal nitrogen atomisation methods (the atomisation process is described in detail in chapter 2).
Each atomisation batch was sieved prior to consolidation, in order to remove coarser dispersoids as
much as practically possible because the coarser Al13Cr2 if retained in a wrought product may act
as crack initiation sites and therefore, degrade the mechanical properties of final product (palmer,
1988).
Consolidation utilised the cold cornpaction of approximately 1 kg of powder to produce billets of
85% density which were then preheated for extrusion at 400°C. An extrusion ratio 15:1 was used to
produce 19.1 mm diameter rod and all extruded bar was water quenched upon exit from the press
(Marshall, 1989).
AA3003
The Al-Mn alloy (AA3003) was supplied by a commercial sheet ingot and hot rolled route. After
hot rolling to 25 mm and slow cooling to room temperature, the slab was then cold rolled to 3.5
mm on a laboratory mill to give an 86% cold reduction (Marshall, 1989).
AI20
The alloy Al20 was supplied by British Petroleum. The nominal chemical composition for alloy
Al20 is given in Table 3.1. The 2Owt% SiC particles have been used for reinforcement. The SiC
particles had an angular morphology (Knowles, 1989). The powder blending route commonly used
to produce MMCs is shown in figure 3.1. The term MMC refers to a broad family of metal based
materials reinforced with either fiber, whiskers or particulate to provide enhanced combination of
properties (White et al., 1987). The matrix can be any metal or alloy, but most interest is being
shown in structural applications where light weight and stiffness are required, thus the matrices are
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usually aluminium, magnesium or titanium (Willis, 1988).
The fabrication process of alloy Al20, involved blending pre-alloyed powder with a SiC
particulate reinforcement, followed by canning, vacuum degassing at 545°C for 24 hours, and
consolidated by hot isostatically pressing (HIP) to 100% density at 540°C. After consolidation the
aluminium can is removed by machining and the material extruded. The extruded bar of alloy Al20
was received with the dimensions of 15 mm diameter and 1000 mm long.
3.3 Zone Annealing
Zone annealing was carried out using a crystal grower as the way of achieving directional
recrystallisation. The specimens were placed in a silica tube, mounted on a carriage driven by a
variable speed electric motor. A Pt/Pt-13wt%Rh thermocouple was used to measure the temperature
during operation, with one end of the thermocouple in the middle of the specimen and the other end
attached to a Comarlc (a device which converts electrical potential to temperature) for measuring the
temperature during the movement of the specimen through the R. F. coil. The zone annealing
experiments were performed in air. A schematic diagram of the crystal grower adapted and used is
shown in figure 3.2.
3.4 Optical Microscopy
Optical microscopy was used to observe recrystallisation after different heat treatments. The
specimens from aluminium alloys were cold mounted in resin to avoid unnecessary heating. The
specimens were then ground on silicon carbide paper to a sufficient depth to remove any
unrepresentative surface. After mechanically grinding down to 1200 grade emery paper, they were
finally polished on a "Mastertex" final polishing cloth, using a colloidal silica polishing suspension.
Specimens from aDS alloys, after each successive heat treatment, were hot mounted using an
automatic mounting press, and then mechanically ground down to 1200 grade silicon carbide paper
and mechanically polished using lJlm diamond paste and finally polished on a "Vibromet" in a
suspension of 0.5J.UTIalumina powder in ethandiol.
A list of etchants used for the different materials is given below,
Material Etchant
1. MA6000
2. MA956
2g CuCI2, 40ml HCI, 40 to 80ml ethanol
2g CuCI2, 40ml HCI, 40 to 80ml ethanol
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3. MA957 2g CuCI2' 40ml HCI, 40 to 80ml ethanol
4. AI-5 60%HP + 40%H20
5. AI-15 60%HP + 40%H20
6. AA3003 190ml Distilled water, 5ml HN03, 3ml HCl, 2ml HF
7. AI-20SiC 190ml Distilled water, 5ml HN03, 3ml HCI, 2ml HP.
Photography was carried out using an Olympus camera fitted to an Olympus light microscope.
3.5 Transmission electron microscopy
A Philips EM 400 T electron microscope was used for the examination of thin foils. The
operating voltage was 120 kV. Thin foil specimens were prepared for transmission electron
microscopy from 0.25mm thick discs slit from rapidly solidified aluminium alloys AI-5 and AI-15 in
the as-received condition and after cold-working. The discs were thinned down to 0.05mm by
abrasion on silicon carbide paper and then electropolished using a twin jet electropolisher. The
polishing solution was a mixture of 10% perchloric acid in methanol at room temperature, at an
applied voltage of 12 to 20V. Considerable difficulty was experienced in electropolishing, which
may either be attributed to the polishing solution, or to the voltage applied, or most likely to the
tendency for particles to fall out during electropolishing.
Transmission electron microscopy was also performed on ODS alloys, in the as-received
condition and after each successive heat treatment in order to investigate the recrystallisation
behaviour in these alloys. The thin foils were cut in a direction parallel to the directionally
recrystallised grain structure from the samples zone annealed at different peak temperatures (T~ and
a variety of specimen travel speeds ranging from 0.2 to 10.0 mm/min. Thin foils were subsequently
ground down to 0.05mm by abrasion on 1200 grit paper and then electropolished using twin jet
electropolisher at room temperature. The polishing solution consisted of 20 vol% perchloric acid in
ethanol in between 25 to 30 volts.
Particular attention has been paid to the study of orientation relationships between the
directionally recrystallised grains, although it was often difficult to produce sufficient thin area near
a grain boundary.
The axis-angle pair (Le., orientation relationship) for two adjacent grains (discussed in chapter 4)
were calculated using a computer program (Yang and Bhadeshia, 1989). The program requires the
input of the components (hkl) of the any two vectors from crystal A and the components (hkl) of
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the any two vectors of crystal B and the acute angle between vectors 2A of crystal A and IB of
crystal B. The program then calculates the rotation axis, right-handed rotation angle and finally gives
the 23 equivalent axis-angle pairs.
3.6 Hardness Tests
The hardness tests were carried out using a Vickers hardness testing machine. Measurements
were made on polished specimens. The indentation load applied was lOkg, otherwise as mentioned
in the tables illustrating hardness results. All the measurements were made at a suitable distance
from the specimen edge, in order to avoid any edge effects. At least five readings were taken per
specimen.
3.7 Differential Thermal Analysis
Differential thermal analysis (commonly abbreviated to DTA) is a technique of recording the
difference in temperature between a substance and a reference material as the two specimens are
subjected to identical temperature regimes in an environment heated or cooled at a controlled rate.
The record obtained is called the differential thermal or DTA curve and, provided the substance is
thermally active in the temperature range used, shows a series of peaks, the position of which are
determined by the chemical composition and crystal structure of the substance and the area of which
(peak) is related to the energy involved in the reaction occuring (Mackenzie, 1970).
The area under a DTA peak can be directly and quantitatively related to the enthalpy changes
involved, and is not affected by the heat capacity of the sample concerned (Bhadeshia, 1983).
The DTA experiments have been performed with the help of ESAB AB of Sweden, on a high
THERMOVAG STA429 DTA apparatus. Samples of required dimensions (4mm diameter xl5mm
long) were used. They used K2S04 as a reference for all the experiments, because the data for the
reaction occur in K2S04, is easily available in the literature. The heating rate and the weight of
samples and references used for differential thermal analysis experiments are listed in Table 3.2.
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Table 3.2. Heating rate and weight of samples used for DTA experiments.
Material
MA6000
MA956
Heating Rate
5 K/min
5K/min
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Weight of Sample
1.537 mg
1.303 mg
Weight of Reference
100 mg
50 mg
Aluminium alloy
atomisation
1
Prealloyed
aluminium powder
1
Classification
I
Graded SiC powder
alloy powder ./
~./
Blending
1
MMC powder
1
Canning
J
Deg3ssing
!
(Consolidation)
!
Secondary processing
Figure 3.1. Flow sheet diagram illustrating the powder blending route commonly used to produce
MMCs (after White et al. 1987).
R.F.I Generator
Temperature Controller
R.F Coil
Quartz Tube
__---.J.c:::==::;----..,
I Specimen I
OCX)
Thermometer
Figure 3.2. Schematic diagram of the crystal grower, used for zone annealing experiments.
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CHAPTER FOUR
Characterisation of As-Deformed Microstructure of ODS Nickel Base
Superalloy (MA6000) and ODS Fenitic Steel MA956
4.1 Introduction
Since the materials studied are unusual in the sense that they have been prepared from
mechanically alloyed procedures (as explained in detail, in chapter 3), including compaction and
"hot" extrusion, it was felt necessary to characterise the initial microstructure thoroughly prior to
zone annealing experiments.
Following consolidation by "hot" extrusion, dispersion strengthened superalloys appear to display
a very fine sub-micron grain size, consisting of both dislocation-free recrystallised material and
unrecrystallised regions of high dislocation density. The grain size and dislocation density are related
to thermomechanical processing parameters like strain, strain rate and temperature (Benn et al.,
1984).
This chapter deals with an attempt at the characterisation of the as-deformed microstructure of
two of the alloys used to study directional recrystallisation. The microstructural investigations and
crystallographic studies have been carried out using the transmission electron microscope.
4.2 Transmission Electron Microscopy of As-Deformed MA6000
The thin foils examined using a transmission electron microscope, were for the oxide dispersion
strengthened nickel base superalloy MA6000, prepared from the as-received hot-rolled bar of Inconel
alloy MA6000. Since the deformed material had been given an 54% reduction in area had a
hardness of 645 HVN(10kg), considerable efforts were required to prepare the thin foils. The
microstructure examined from both transverse and longitudinal (with respect to the extrusion
direction) sections of the as-received material is shown in figure 4.1.
-
Equiaxed grains, (figure 4.1) with an incredibly small grain size (Mean linear interceptl L =
O.1741..un) were observed in both the transverse and longitudinal directions, with a very low
dislocation density within the body of the grains. On further examination of the thin foils (figure
The mean linear intercept L = L / N. where N is the number of grains counted in a defined length L.
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4.2) annealing twins and subgrain boundaries (figure 4.3) were also observed.
These observations are not at all characteristic of a deformed sample. The equiaxed grain shapes
are not expected in the longitudinal sections, and it is often the case that deformed samples exhibit
anisotropic grains even in the transverse section. Straight annealing twins and uncluttered subgrain
boundaries are also not consistent with an as-deforn1ed microstructure. These observations, and the
ultrafine grain structure indicate that the deformation conditions have caused the microstructure to
undergo primary recrystallisation. Alternatively, the microstructure could simply reflect dynamic
recovery, with the fme grains really corresponding to subgrains with Iow relative misorientations. A
crystallographic investigation was therefore undertaken to distinguish between these possibilities.
4.2.1 Orientation Relationships between adjacent Crystals of ODS MA6000
To resolve the ambiguities made earlier, and to confirm that the nickel base superalloy MA6000
underwent a process of primary recrystallisation during hot extrusion, the orientation relationships
between the adjacent grains of the as-received sample were investigated.
The results of 26 experiments are listed in Table 4.2. Five examples are illustrated as follows.
Figure 4.4 shows the electron micrograph and corresponding convergent beam diffraction patterns
(CBDP) from two adjacent grains of aDS alloy MA6000 in the as-received condition, grains A and
B. The CBDP illustrates that grains A and B have the same zone axis <0 0 1>. The orientation can
be represented by a rotation of 1800 about <0.000 0.608 0.793>, an axis-angle pair determined from
the diffraction patterns using a computer program (after Yang and Bhadeshia, 1989) on practical
crystalIography. The axis-angle pair on their own are enough to establish that the misorientations
between the grains are far too large to be associated with the fine grained microstructure being
generated by recovery (Le., subgrain coalescence). A way of making the results more easy to
appreciate, becomes apparent from the fact that subgrain boundaries are close to L.=1 orientation.
Thus, any higher L. values indicate much larger orientations. Note that for cubic lattices, the
orientation relationship between two grains can, as consequence of symmetry, be represented in 24
equivalent ways. By convention, it is the axis-angle pair with the highest angle of misorientation
that is chosen to state the orientation relationship. The initial requirements for the calculation of
axis-angle pairs, have been defined in chapter 3. From the values obtained for axis-angle pairs it is
possible to estimate the nearest reciprocal density of coincidence sites (usually described as
L. values) between the two grain boundaries by converting the decimal values of the components of
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the rotation axis into integers. The integers obtained from the axis-angle pair values are then
matched with Table 4.1 given by Bhadeshia (1987), illustrating some of the coincidence site lattice
(CSL) relations for cubic crystals. All of the CSL relations given in Table 4.1 can be represented by
a rotation of 180° about some rational axis which is not an even axis of symmetry (Bhadeshia,
1987).
Aust and Rutter (1959) and Kronberg and Wilson (1949), described the coincidence site lattice
by allowing the two lattices (with a common origin) are notionally allowed to interpenetrate and fill
all space. There may then exist lattice points (other than the origin) which are common to both
crystals. The set of these coincidence points forms a coincidence site lattice, and the fraction of
lattice points which are also coincidence sites is a rational fraction IlL. :E is thus reciprocal density
of coincidence sites relatively to ordinary lattice sites (see for example, Bhadeshia, 1987). The
approximate :E value obtained for grains A and B was near :E3, the conventional twin orientation
relationship.
Figure 4.5 shows that grains C and D have approximately the same zone axis <0 1 1>. The axis-
angle pair relating to these grains can also be represented equivalently by a rotation of 180° around
<0.372 0.656 0.656> and thus is near a :E9 orientation relationship. Figure 4.6 shows that grains E
and F have approximately the same zone axis <0 0 1> as well. The axis-angle pair relating these
grains can equivalently be demonstrated by a rotation of 160° around <0.618 -0.695 0.360> and this
is not for from a :E9 orientation relationship. Figure 4.7 shows that the grains G and H of nickel
base superalloy MA6000 in the as-received condition, have about the same zone axis <0 0 1>, the
axis-angle pair associated with these grains can also be represented by <0.553 0.622 0.553> around
180°, which corresponds roughly to· the value of :E3. Figure 4.8 shows grains I and J, axis-angle pair
for these grains can also be represented as <0.650 0.322 0.687>/154°, and this is near a :E9
orientation relationship.
The convergent beam diffraction pattern (Figure 4.8c) which corresponds to grain J in figure
4.8a, clearly shows the superlattice reflections. The major phases present in the structure of nickel
,
base superalloys are f.c.c austenite, y, the matrix of the alloys and gamma prime y, as the major
precipitate phase (Decker and Sims, 1972, and Ricks et al. 1983, and Sims, 1984). The composition
,
of y phase is usually considered to be Ni3(AI-Ti), and is described as a superlattice, possessing
CU3Au (L12)-type structure by Stoloff (1972).
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,
In the nickel base superalloy Ni3(AI-Ti), the y phase, is generally considered to be the major
source of high creep resistance (Decker and Freemen, 1960). Nembach et a1. (1988), have described
,
that the nickel base superalloys are strengthened by coherent precipitates of the y phase, which has
the ordered Ll2-type crystal structure.
From the examples given for the experimentally determined axis-angle pairs, and from other
examples presented in Table 4.2, it is evident that the oxide dispersion strengthened nickel base
superalloy (MA 6000), contains randomly distributed high misorientation grain boundaries in the as-
received condition, establishing that the ultra fine grained microstructure develops as a consequence
of primary recrystallisation rather than recovery.
In the light of metallography and crystallographic results it can be said that alloy MA6000 was
in the as-received, extruded condition in a recrystallised condition. Further annealing should
therefore be considered to lead to secondary recrystallisation in which the ultra fine grains of the
initial microstructure give way eventually to a very coarse grained microstructure.
4.3 Transmission Electron Microscopy of As-Deformed ODS ·Ferritic Steel MA956
Thin foils of alloy MA956 for transmission electron microscopy were prepared from the as-
received hot-rolled bar. In that condition the material sustained an 54% reduction in area and had a
hardness value of 350 HVN(10kg).
Figure 4.9 reveals the microstructure of the as-deformed alloy MA956, and appears to be heavily
dislocated. From figure 4.9a, which was recorded during the examination of the thin foil prepared
from the transverse section of the bar, an equiaxed grain structure (consistent with the circular
section of the extruded bar) can be seen, containing a relatively high dislocation density. By
contrast, longitudinal sections revealed an elongated grain structure, with tangled dislocation
networks. Note that the longitudinal section contains rolling direction (figure 4.9b). The grain size,
as measured by the mean linear intercept method from electron micrograph was found to be 0.451lID.
4.3.1 Orientation Relationship between the Adjacent Grains of aDS Ferritic Steel MA956
A total of twenty four experiments were performed to determine the orientation relationships
between adjacent crystals of aDS ferritic steel MA956 in the as-received condition. The results
obtained are listed in Table 4.3. Four examples are illustrated as follows.
Figure 4.10 shows an electron micrograph and corresponding selected area diffraction patterns
(SADP) from two adjacent grains of aDS ferritic steel MA956 in the as-received condition. The
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SADP clearly display that grains A and B have the same zone axis <1 3 3>. The axis-angle pair
relating to these grains can also be represented, equivalently, by a rotation of 180° around <0.177
0.655 0.724>, and this is near a Ll3b orientation relationship. Figure 4.11 shows an electron
micrograph and corresponding SADP's from a pair of ferrite grains, C and D. The selected area
diffraction patterns (Figs. 4.11b & c) reveal that grains share the same zone axis <0 2 3>, and the
orientation relationship can be equivalently described by a rotation of 180° around <0.205 0.814
0.542>, and this is again near a L l3b orientation relationship. Figure 4.12 shows the electron
micrograph and the corresponding SADP from another pair of ferrite grains E and F. The interface
boundary between grains E and F is clearly displayed in figure 4.l2a. The axis-angle pair relating
with these grains can also be represented as <-0.759 -0.503 0.411>/175°, and this is near L3
orientation relationship. Figure 4.13(a & b) shows the bright field and dark field transmission
electron micrographs of two adjacent grains G and H. Figure 4.13 further reveals that these grains
share the same zone axis <0 0 1>. The axis-angle pair relating to these grains can be represented
equivalently by a rotation of 180° around <1.000 0.008 0.000>, and tl1is is also near L3 orientation
relationship.
From the results, obtained for orientation relationship between adjacent grains of alloy MA956, it
is evident iliat the grains observed in the electron micrographs are not subgrain boundaries.
Although many of the grains are close to L3 orientations, the deviation from L3 seems large enough
to make the boundaries of the high energy type. This, together wiili the observations on the shape of
the grains and their intense dislocation substructure is all consistent with a heavily deformed
microstructure in the as-received condition. At this stage it seems reasonable to assume tl1at the
material contains significant amounts of energy stored in the form of dislocations and grain
boundaries.
4.4 Conclusions
The nickel base superalloy MA6000 was received in the recrystallised condition, wiili a very
small grain size (0. 17j.lm), the grains being equiaxed in three dimensions. The grains contained few
dislocations and exhibited annealing twins and clear sub-boundaries within the fine grains. On
annealing, the alloy is expected to undergo secondary recrystallisation.
The ferritic steel MA956 was received in the cold deformed condition, with highly anisotropic
rod like structure. The grains contained a high density of dislocations. The grains were found to be
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relatively larger (0.4511m) in the as-received condition, and much of the stored energy is believed to
be in the form of dislocations. During annealing, the alloy would be expected to undergo primary
recrystallisation.
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Table 4.1. Some coincidence site lattice (CSL) relations for cubic crystals, corrected from (Christian,
1965), after Bhadeshia (1987).
L Angle Axis Twin axes
3 60.0 <1 1 1> <1 1 1>, <1 1 2>
5 36.9 <1 0 0> <0 1 2>, <0 1 3>
7 38.2 <1 1 1> <1 2 3>
9 38.9 <1 1 0> <1 2 2>, <1 1 4>
11 50.5 <1 1 0> <1 1 3>, <2 3 3>
13a 22.6 <1 00> <0 2 3>, <0 1 5>
13b 27.8 <1 1 1> <1 34>
15 48.2 <210> <1 25>
17a 28.1 <1 00> <0 1 4>, <0 3 5>
17b 61.9 <22 1> <2 2 3>, <3 3 4>
19a 26.5 <1 1 0> <1 3 3>, <1 1 6>
19b 46.8 <1 1 1> <235>
21a 21.8 <1 1 1> <2 3 5>, <1 4 5>
21b 44.4 <2 1 1> <1 24>
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Table 4.2. Orientation relationship between two adjacent grains of ODS nickel base superalloy
Incone1 alloy MA6000 in as-defonned condition: axes are referred to the crystallographic basis and
rotation operations are right handed. The sigma values are approximate.
No. Adjacent Grains axis-angle Pair L
1 A-B <0.000 0.608 0.793> 1800 3
2 C-D <0.372 0.656 0.656> 1800 9
3 E-F <0.618 -0.695 0.360> 1600 9
4 G-H <0.553 0.622 0.553> 1800 3
5 I-J <0.650 0.322 0.687> 1540 9
6 <0.777 0.629 0.000> 1800 3
7 <0.743 0.669 0.000> 1800 3
8 <0.687 0.650 0.322> 1540 9
9 <-0.435 0.676 0.593> 1730 9
10 <0.566 0.799 -0.200> 179.40 13b
11 <0.268 -0.632 0.726> 168.50 7
12 <0.332 0.609 0.719> 1740 9
13 <-0.792 0.297 -0.532> 179.60 7
14 <0.302 -0.624 0.720> 1560 9
15 <0.596 -0.743 0.301> 176.20 7
16 <0.928 0.263 0.263> 1800 9
17 . <0.204 0.453 0.867> 1740 21b
18 <0.333 0.666 0.666> 1800 9
19 <-0.243 0.402 -0.882> 173.30 21b
20 <0.167 -0.576 0.799> 1770 21
21 <-0.889 0.337 0.316> 1770 11
22 <-0.291 -0.698 -0.653> 1640 9
23 <-0.669 -0.246 0.700> 1600 19a
24 <0.323 0.669 0.669> 1800 9
25 <0.000 -0.707 -0.707> 178.50 3
26 <0.591 0.716 0.255> 1800 7
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Table 4.3. Orientation relationships between adjacent grains of ODS ferritic steel Incoloy alloy
MA956 in the as-defonned condition: the axes are referred to a crystallographic basis. and rotation
operations are right handed. The sigma values are approximate.
No. Adjacent Grains axis-angle Pair L
1 A-B <0.177 0.665 0.724> 1800 13b
2 C-D <0.205 0.814 0.542> 1800 13b
3 E-F <-0.759 -0.503 0.411> 1750 3
4 G-H <1.000 0.008 0.000> 1800 3
5 <0.577 0.577 0.577> 1800 3
6 <0.429 0.386 0.816> 1800 3
7 <0.866 0.500 0.000> 1800 5
8 <0.764 0.644 0.000> 1800 3
9 <0.704 0.710 0.000> 1800 3
10 <0.714 0.699 0.000> 1800 3
11 <-0.418 0.741 -0.525> 176.40 3
12 <0.744 0.312 0.589> 1750 9
13 <0.000 0.707 0.707> 1800 3
14 <0.007 1.000 0.000> 1800 3
15 <0.708 0.600 0.370> 1630 9
16 <0.697 -0.378 -0.608> 161.50 9
17 . <-0.661 -0.168 0.731> 174.30 21a
18 <0.804 0.195 -0.561> 1790 13b
19 <0.704 0.428 0.566> 1800 3
20 <0.279 0.795 0.537> 1800 7
21 <0.402 0.414 0.816> 1800 3
22 <0.524 0.279 0.804> 1800 7
23 <0.516 0.289 0.805> 1800 7
24 <0.218 0.572 0.790> 1800 7
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a.
b.
Figure 4.1. Electron micrographs showing the microstructure of Inconel alloy MA6000 in as-
received condition. The micrographs reveal equiaxed grains in both transverse and longitudinal
sections of the hot-rolled bar with a relatively low dislocation density.
a. Thin foil prepared from a transverse section of the "hot-rolled", rectangular bar.
b. Thin foil prepared from a longitudinal section (parallel to the rolling direction) of
the "hot-rolled" bar.
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a.
b.
Figure 4.2. Transmission electron micrographs showing annealing twins, stacking faults, and the low
dislocation density of the grains in as-received Inconel alloy MA6000.
a. Bright field image recorded from the transverse section of the hot-rolled bar.
b. Bright field image recorded from the longitudinal (parallel to the rolling direction)
section.
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Figure 4.3. Electron micrograph showing a typical clear subgrain boundary in as-received alloy
MA6000. The micrograph recorded from the foil, prepared from the longitudinal (parallel to the
rolling direction) section of the as-received bar.
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Figure 4.4. Electron micrograph and corresponding diffraction patterns from a pair of austenite
grains A and B. The orientation can be represented by <0.000 0.608 0.793>/1800 and this is near
L3 orientation relationship.
a. Bright field image.
b. Convergent beam diffraction pattern from grain A, <0 0 1> zone axis.
c. CBDP from grain B, <0 0 1> zone axis.
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Figure 4.5. Electron micrograph and corresponding diffraction patterns from a pair of adjacent grains
C and D. The axis-angle pair relating to these grains can also be represented equivalently by a
rotation of 1800 around <0.372 0.656 0.656> and this is near a L9 orientation relationship.
a. Bright field image
b. CBDP from gain C, <0 1 1> zone axis.
c. CBDP from grain D, <0 1 1> zone axis.
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Figure 4.6. Electron micrograph and corresponding diffraction patterns from two adjacent grains E
andF.
a. Bright field image.
b. CBDP from grain E, <1 1 0> zone axis.
c. CBDP from grain F, <00 1> zone axis.
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Figure 4.7. Electron micrograph and corresponding diffraction patterns from a pair of austenite
grains G and H, interface boundary is defined by the arrow.
a. Bright field image.
b. CBDP from grain G, <0 0 1> zone axis.
c. CBDP from grain H, <0 0 1> zone axis.
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Figure 4.8. Transmission electron micrograph and corresponding diffraction patterns from two
adjacent grains (I and J) of Inconel alloy MA6000 in as-received condition. The axis-angle pair
relating to these grains can also be represented equivalently by a rotation of 1540 around <0.650
0.322 0.687> and this is near a L9 orientation relationship.
a. Bright field image.
b. CBDP from grain I, <1 1 1> zone axis.
c. CBDP from grain J, <00 1> zone axis.
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Figure 4.9. Transmission electron micrographs showing the microstructure of Incoloy alloy MA956
in as-received condition.
a. Micrograph recorded from the thin foil prepared from the transverse section of the
hot-rolled bar, showing equiaxed grain structure with relatively higher dislocation
density.
b. Micrograph recorded from the thin foil prepared from the longitudinal (parallel to
the rolling direction) section, illustrating tangled dislocation network.
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Figure 4.10. Transmission electron micrograph and corresponding diffraction patterns from a pair of
ferrite grains A and B. The orientation can be represented by a rotation of 1800 around <0.177
0.655 0.722> and this is near a :L13b orientation relationship.
a. Bright field image.
b. Selected area diffraction pattern (SADP) from grain A, <1 3 3> zone axis.
c. SADP from grain B, <1 3 3> zone axis.
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Figure 4.11. Transmission electron micrograph and corresponding diffraction patterns from a pair of
adjacent grains C and D. The orientation can also be represented by a rotation of 1800 around
<0.205 0.814 0.542> and this is also near a :E13b orientation relationship.
a. Bright field image.
b. SADP from grain C, <0 2 3> zone axis.
c. SADP from grain D, <0 2 3> zone axis.
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c.
Figure 4.12. Electron micrograph and corresponding diffraction patterns from a pair of ferrite grains
E and F. The orientation can be represented by <0.177 0.655 0.722>/175°, and this is near a D
orientation relationship.
a. Bright field image.
b. SADP from grain E, <1 2 3> zone axis.
c. SADP from grain F, <0 1 2> zone axis.
64
, .
0.3 J.llll
c.
Figure 4.13. Transmission electron micrograph and corresponding diffraction patterns from two
adjacent grains (G and H) of Incoloy alloy MA956 in as-received condition. The axis-angle pair
relating to these grains can also be represented by a rotation of 1800 around <1.000 0.008 0.000>
and this is near a :L3 orientation relationship.
a. Bright field image.
b. Dark field image of grains G and H, from the SADP shown in (c) using (2 0 0)
reflection.
c. SADP from grain G, <00 1> zone axis.
d. SADP from grain H, <0 0 1> zone axis.
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CHAPTER FIVE
Zone Annealing and Isothermal Annealing Experiments Performed
on
Oxide Dispersion Strengthened Nickel Base Superalloy Inconel MA6000
5.1 Introduction
There are three aspects of the microstructure of annealed aDS alloys which distinguish them
from wrought or cast high-temperature alloys.
(i) a dispersion of fine oxide particles;
(H) large elongated grains (e.g., up to several mm in length);
(iii) a strong crystallographic texture (Gessinger, 1984).
In the first part of this chapter, the topics such as alloy production, the role of alloying elements
in aDS nickel base superalloys and the microstructure and properties of oxide dispersion
strengthened alloys are reviewed. Attention is then turned to recrystallisation in aDS alloys and
finally, the results obtained after performing zone annealing and isothermal annealing experiments to
achieve directional recrystallisation in these alloys are discussed.
5.2 Alloy production
Nickel base aDS alloys are produced by an advanced powder metallurgy route called mechanical
alloying (Reetwood, 1986). The variety of powder constituents are milled together in a high energy
ball mill for up to five days before being sealed in a steel can. This high energy milling causes
multiple cold welding and fracturing of the powder particles, such that the final product consists of
fine powder particles of uniform composition, containing the even finer dispersed, insoluble oxide
particles. It should be noted that the milling is done in an inert atmosphere, which in the case of
nickel base alloys is usually nitrogen. Consequently, some nitrogen is thought to become alloyed
into the particles (Cairns, 1974). After consolidation by canning there is the extrusion process. For
example, MA6000 is heated to 1050°C and tlle bar is then hot-rolled to some 90% reduction in
thickness and recrystallised by zone annealing to form a coarse, highly elongated grain structure,
with many of the grains extending to the length of the bar (Cairns et al., 1975). The process is
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shown schematically in figure 5.1. It is the mechanisms involved in step 4 which are of main
interest in the present work.
5.3 Role of Alloying Elements in ODS Ni-Base Superalloys
The functions of alloying constituents in superalloys must be understood clearly to make a
judicious choice of alloy chemistry and thus optimise the properties. The role of alloying elements
in Ni-base superalloys has been discussed at length in an excellent review (Jena & Chaturvedi,
1984), so that only a general outline is given here.
Superalloys are now used widely in a variety of applications at temperatures ranging from 650 to
1100°C in aggressive atmospheres, such as the combustion products of fuel and air etc. In order to
function satisfactorily in such severe environments, the alloys must possess properties such as
outstanding high-temperature strength, creep and fatigue resistance, excellent ductility, good impact
resistance and adequate resistance to hot corrosion (Fawley, 1972).
The unique combination of properties required in these alloys is obtained by having face-centred
cubic (f.c.c) matrix which is hardened by solutes and coarsening resistant precipitates. The
precipitates in nickel base superalloys are primarily of the Ni3(AI Ti Nb) type intermetallic
compounds and carbides and are of a suitable structure, shape, size and distribution so as to give the
desired properties and to resist microstructural changes during high-temperature service (Jena &
Chaturvedi, 1984).
Chromium is used to develop corrosion resistance; aluminium, titanium and niobium promote the
,
formation of strengthening precipitates such as y -Ni3(Al,Ti), Ni3Ti and Ni3Nb, while elements such
as molybdenum, chromium, cobalt and iron partition mostly to the y-matrix and may increase its
strength by solution hardening. They may also change the lattice parameter of the y-phase and
,
thereby effect coherency between y and y, which is an important factor influencing strength.
,
Elements such as aluminium, titanium, niobium, tantalum, and vanadium partition mostly to y and
, ,
therefore also influence the y - y mismatch and the hardness of the y. Tungsten may partition
,
either into the y or y depending on the alloy composition. Several of these elements also form
carbides, which may add to overall strength of the alloy. Titanium, tantalum, zirconium and niobium
form primary MC carbides, while secondary carbides such as Cr23C6(Mo,W,Nb)6C and Cr7C3 may
fonn during cooling or during subsequent heat treatment or service exposure (Holt & Wall ace,
1976).
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Figure 5.1. Schematic drawing of the processes involved in mechanical alloying (after, Incomap data
sheet for aDS MA6(00).
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5.4 Microstructure and Properties of ODS Alloys
The aDS alloys which have been investigated for the work described in this thesis are, i) Ni-Cr
and ii) Fe-Cr base, and their chemical compositions are given in Table 3.1 (see chapter 3). The
alloys were manufactured by Wiggin Alloys Ltd. (Hereford); which is part of the INCa group of
companies. This section is concerned mainly with the microstructure, properties and applications of
aDS Ni-base superalloy MA6000.
The microstructure of MA6000 before the final recrystallisation heat treatment shows a very fine
grained structure of the extruded and hot-rolled material, with an incredibly fine grain size of
typically 0.21lm diameter (Hotzler & Glasgow, 1980).
Until recently, the Y203 particles have generally been considered to be insoluble and not to react
with the matrix. However, a recent X-ray diffraction study of the oxide dispersion after alloy
processing showed them to be a mixture of yttria and yttrium aluminates (Erdos, 1983) indicating
some reaction with the metal matrix.
In addition to the fine (1Q-30nm) yttria-base particles, the coarser (O.5-4llm) second-phase
particles have also been reported (Hotzler & Glasgow, 1980, and Gessinger, 1984) and the
maximum size for inclusion is reported to be in the range of 50 to 701lffi by Hoffelner and Singer
(1985). These larger particles are strongly aligned in the extrusion direction and appear as stringers
in the final recrystallised alloy. They have been identified as a mixture of titanium carbo-nitrides
Ti(C,N), and aluminium oxide (Al2a3) and are assumed to have resulted from nitrogen and oxygen
being included in the powder during milling and combining with the titanium and aluminium in the
alloy (Cairns et al., 1975). It has also been suggested by Cairns et al., that it is the stringers of
coarser particles that impede lateral grain growth. The massive elongated grains show a strong
,
<110> texture parallel to the working direction for the y strengthened, nickel base superalloy
MA6000 (Howson et al., 1980).
aDS nickel base superalloys are suited mainly for high-temperature and long service time
applications involving operation at comparatively low stress levels (Gessinger, 1984) with both the
dispcrsoids and the large grain aspect ratio contributing to the high creep strength exhibited by the
alloys (Hoffelner & Singer, 1985).
At intermediate temperatures, MA6000 has a stress rupture strength that is equal to that attained
by most conventional nickel base superalloys, while at elevated temperatures the stress rupture
strength of MA6000 is superior to all other ODS materials (Howson et al., 1980). As for as
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maint~1strength at high temperatures in the face environmental attack is concerned, MA6000 is
less reliant on coatings than other alloys, and has a very good cyclic oxidation resistance. It seems
particularly suited to small blades operated uncooled at high temperatures (Fleetwood, 1986).
s.s Recrystallisation in Oxide-Dispersion-Strengthened Alloys
An important factor which gives aDS alloys their good creep strength is their massive elongated
grain morphology and it is crucial that this morphology is produced throughout the material (Wilcox
& Clauer, 1972, Artz & Singer, 1984). After powder consolidation and extrusion, the material is
fine-grained and a high temperature anneal is required to bring about the required grain growth. It is
the mechanism of this change, from grains less than 0.5J.Ull in size to ones that often exceed 1mm in
length, that has still to be understood. The process of grain growth in aDS nickel base superalloys
has generally been regarded as being similar to that of secondary recrystallisation or abnormal grain
growth with the implication that the major driving force is the reduction in grain boundary area
(Gessinger, 1984).
In order to explain this phenomenon, the mechanism behind the bulk recrystallisation of aDS
alloys needs to be fully understood. Crucial to that mechanism is the condition of the fine-grained
alloy and the energy stored in it as a result of its thermomechanical processing. This section
discusses the present level of knowledge about the recrystallisation characteristics of aDS alloys,
including the effect of hot working on the recrystallisation of aDS alloys.
In order to avoid confusion, it is important at this stage to define some of the terminology used
in describing the condition of the alloys. Much of the literature refers to the alloy as being in either
the unrecrystallised or recrystallised condition. The use of term "unrecrystallised" refers to the as-
consolidated or deformed material and the fact that it is in the fine-grained condition, and has yet to
undergo the high temperature heat treatment. Nothing should be inferred about the stored energy in
the alloy or its dislocation density. The term "recrystallised" is used to refer to the coarse-grained
metal after high-temperature annealing.
5.5.1 The As-Deformed Oxide Dispersion Strengthened Alloy
If the observed formation of highly elongated grains is purely a secondary recrystallisation
phenomenon then, prior to the high-temperature heat treatment, the fine-grained material must have
already undergone primary recrystallisation, i.e., the grain structure is already equiaxed, strain free
and with a low dislocation density. Since the powder, prior to consolidation, has a very high
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dislocation density due to mechanical alloying process (Fleetwood, 1986), the recovery and primary
recrystallisation process would have had to occur during consolidation Le., dynamic recrystallisation.
This opinion that the as-consolidated material has undergone complete primary recrystallisation has
been held by many workers (e.g., Cairns, 1974, Hotz1er & Glasgow, 1982), whose transmission
electron microscopic studies have shown an average dislocation density of around 1Q13m-2 in as-
consolidated aDS alloy MA6000. It has also been reported in number of studies that the
microstructure is not completely uniform (Cairns et al., 1975, Singer and Gessinger, 1982); a few of
the grains in the samples examined in that study were found to be elongated.
This suggests that the alloy is only partially recrystallised in the fine-grained condition and led
Singer and Gessinger (1982) to suggest that during the consolidation process the alloy can undergo
superp1astic deformation. Singer and Gessinger (1981) have also shown that as-consolidated
MA6000 can be subsequently superp1astically deformed. Superp1astic deformation could certainly be
used to explain some of the features described above. During superp1astic deforming, groups of
grains slide over each other until an unfavourably oriented grain obstructs the process. The resultant
stress concentration is relieved by slip within the blocking grain (Edington et al., 1976). This will
give rise to the occasional heavily dislocated and elongated grains seen in the as-consolidated
material.
It is clear from the above discussion that the condition of the fine-grained as-extruded alloy is far
from being simply primarily recrystallised. The variation of microstructure reported, suggests that the
amount of dynamic recrystallisation and superp1astic deformation varies depending upon grain size,
alloy composition and processing conditions. The energy content of different batches of same alloy
may vary greatly, which means that their response to recrystallisation will tend to be different.
It is thought that the recrystallisation response of MA6000 is less sensitive to its
thermomechanical history than any other aDS nickel base superalloy (Gessinger, 1984).
5.5.2 General Features of Secondary Recrystallisation in aDS Alloys
There have been a number of studies designed to arrive at the optimum grain structure in the
aDS alloys. Most of the recrystallisation characteristics in aDS alloys are still not fully understood
which, perhaps, is not too surprising since the mechanism of secondary recrystallisation in simpler
systems is still unclear (Cahn, 1983).
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The general features of the secondary recrystallisation in ODS superalloys are described below:
(a) There is a well defined minimum temperature at which abnormal grain growth will occur and
this is called the secondary recrystallisation temperature.
(b) The grain coarsening associated with secondary recrystallisation process is very rapid. Once
above the recrystallisation temperature, it may take only 5 minutes for complete secondary
recrystallisation (Cairns et aI., 1975).
(c) The recrystallised grain structure is sensitive to heating rate and temperature gradient.
(d) Grain size and grain aspect ratio (GAR) are increased by zone annealing (Cairns et al., 1975).
(e) Grain growth results in a characteristic texture (Claudia et al., 1979).
(t) Twinning may occur in the recrystallised grains.
(g) Annealing just below the recrystallisation temperature causes uniform growth of primary grains
and subsequent high-temperature annealing is unable to cause further grain growth. This has
led to the idea of the minimum heating rate to achieve recrystallisation (Cairns et al., 1975).
(h) Prestraining can suppress the grain growth during secondary recrystallisation (Singer &
Gessinger, 1982).
5.5.3 Role of Gamma Prime Precipitate during Grain Growth in Alloy MA6000
,
The recrystallisation characteristics of the y strengthened alloy MA6000 differ in some respects
, ,
from the other nickel base alloys which do not contain any y precipitates. The y solvus in, !MA6000 has been measured at between 1160 and 1180°C and the dissolution of the y has beenthought to be the trigger for secondary recrystallisation (Hotzler & Glasgow, 1980, Mino et aI.,
1984). Most of the work on the recrystallisation of ODS alloys then goes on to conveniently ignore
,
the y -free alloys when explaining the secondary recrystallisation mechanism.
The observations reported by Hotzler and Glasgow (1980), and Mino et al., (1984) suggest that
,
y dissolution is, in fact, a "red herring" in ODS alloy recrystallisation. If y dissolution is the
,
trigger, then the secondary recrystallisation temperature for any alloy would vary with the y solvus.
,
However, there is no evidence to support this. MA6000, with 50-55 vol% of y (Gessinger, 1984)
,
rccrystallises at a very similar temperature to the y -free MA754 (Markham, 1988). Admittedly the
transfOImation temperature is much better defined in MA6000 but this could be explained by the
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difference in the stored energy of the two alloys. A study by Dahlen & Winberg (1979), of
,
recrystallisation in a y containing dispersion free alloy showed that it was the migrating grain
,
boundaries that caused the y precipitate to dissolve and reprecipitate again in the recrystallised
grain.
5.6 Material
To study the directional recrystallisation, zone annealing and isothermal annealing experiments
have been performed on MA6000 supplied in the as-deformed condition in the form of 20mm
diameter bar hot rolled from 1040°C in one heat, from starting size of 54mm diameter bar to a
finish size of 25mm diameter bar (an 54% reduction).
To obtain a directionally recrystallised grain structure, one batch of samples was cut into
rectangular rods with dimensions of 4 x 4 x 2Omm,the length being parallel to the rolling direction.
The second batch of samples was prepared with the length lying perpendicular to the rolling
direction. The samples were zone annealed using a crystal grower. A schematic diagram of the
crystal grower adopted and used for zone annealing is shown in figure 3.2 of chapter 3.
The experiments were performed at four different peak temperatures ranging from 1100 to
1300°C, with range of specimen travel speeds (004, 0.8, lA 3.2, 5.0, 7.7 and 10.0 mm/min) for each
temperature.
Optical and transmission electron microscopy was conducted on longitudinal sections since the
elongated grain microstructure can only be observed on sections. The various directions are
illustrated as a sketch (figure 5.2), to avoid any confusion.
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1. Hot-rolled bar in as-received
condition.
2.
3.
4.
-
After machining.
Surface of the bar marked "A"
is mentioned in the text and
figure captions as the "transverse"
section.
Surface of the bar marked "PI: RD"
is referred to as the "longitudinal"
section. It contains the rolling
direction.
5.
Pr: RD
The long direction of the specimens
prepared as shown in (5), is referred
to as being "perpendicular to the
rolling direction", and the surface
marked "Pr: RD" has been examined
using light optical and transmission
electron microscopes.
Figure 5.2. Sketch illustrating the planes examined by light optical and transmission electron
microscopy. The arrow indicates the rolling direction, and the each specimen travelled through the
zone annealing furnace in a direction parallel to its longest dimension.
74
5.7 Results
The results obtained in the form of microstructure and hardness tests, after zone annealing
Inconel alloy MA6000, are listed in Tables 5.la, b and c. From Table 5.la, and figure 5.5, it can be
seen that when the peak temperature is Tp = ll00°c, during zone annealing, alloy MA6000 is
hardly altered in microstructure and hardness.
Further zone annealing experiments have also been done with Tp = 1150°C, in which the
temperature was monitored at three points on the specimen at (9mm from each end and along the
centre of the specimen length) in order to highlight any variation in thermal cycles as a function of
position along the samples. The diagram associated with Table 5.2 illustrates the location of the
thermocouples. The measurements indicate that with a specimen travel speed of 1.4 mm/min, all
positions along the sample experience about the same peak temperature er~.However, as the speed
is increased to (3.2 or 5.0 mm/min), Tp is found to vary by about 50°C along the length of the
specimen, its value increasing as function of distance from the entry end of the sample. This is
expected since regions entering the R. F. coil at later times will also receive a flux of heat from the
parts of the sample which have already passed through the coil, and hence will be able to achieve
higher peak temperatures, which is consistent with the experimental results. This effect should
increase in significance as the specimen travel speed increases since temperature gradient also
increase with the speed.
According to Hotzler and Glasgow (1980), the transformation in MA6000 from fine grains
(wrought type of grain structure) to coarse columnar grains occurs upon heating the material above
,
the y solvus temperature Le., l165°c, when the samples are annealed in a temperature gradient.
Figure 5.6 shows the microstructure of a longitudinal section (containing the rolling direction) after
zone annealing with Tp = 1160°c, for different specimen travel speeds. The start of the zone anneal
is on the left hand side of the micrographs, and the columnar grains have grown from the left to the
right side. The microstructural results shown in figure 5.6, are in good agreement with the above
statement given by Hotzler and Glasgow (1980).
Transmission electron micrographs (figure 5.7a & b) recorded from thin foil samples prepared
parallel to the longitudinal section of the samples zone annealed at Tp = 1160°c (travel speed of 5
mm/min), revealed a random distribution of fine and coarse particles in the matrix. In the
recrystallised samples, grain boundaries were extremely rare in thin foil samples due to the small
size of the region examined when compared with the coarse grain structure, but after considerable
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effort some boundaries were observed, but no alignment of particles was detected on or along the
grain boundaries. Further examination of the thin foils from the same zone annealed sample Tp =
1160°C, 5 mm/min), revealed a considerably higher density of annealing twins and dendritic shaped
y precipitates (figures 5.8 - 9).
In many specimens, regions of equiaxed grains could be observed at both ends of the specimens
(figure 5.6c). This is believed to be a consequence of enhanced "nucleation" of secondary
recrystallisation at the end surfaces, since the R.F. source heats the surface of the sample.
The following notation is used to indicate the microstructure and processing in the tables used to
summarise the experimental data:
Symbols
D
DX
HV
PDX
PI: RD
Pr: RD
Terms
As-deformed
Directionall y recrystallised
Vickers hardness
Partial directionally recrystallised
Zone annealed parallel to the rolling direction
Zone annealed perpendicular to the rolling direction
Partially recrystallised
Peak temperature
Recrystallised with an equiaxed grain microstructure
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Table 5.la. Microstructure and Vickers hardness data obtained for Inconel alloy MA6000. after zone annealing at different temperatures
and specimen travel speeds. Hardness in the as-received condition was 645 HVN(lOkg).
TpoC Specimen Specimen Travel Speed mmtmin Hardness Vickers HVN(1 Okg) Mean Hardness Vickers HVN(1 Okg)
Condition 0.8 1.4 3.2 5.0 7.7 10.0 0.8 1.4 3.2 5.0 7.7 10.0 0.8 1.4 3.2 5.0 7.7 10.0
1100 PI:RO 0 0 0 0 599 620 642 634 615 624 637 639
620 613 634 634
642 627 642 642
620 627 634 642
592 634 634 642
1100 Pr: RO 0 0 0 0 606 627 642 642 617 631 640 643
613 627 642 642
627 634 634 649
627 627 642 642
613 642 642 642
1160 PI:RO OX OX OX X X X 493 514 525 525 519 536 496 499 517 525 527 534
498 498 525 530 536 530
503 493 514 508 530 536
498 498 508 519 530 530
488 493 514 519 519 536
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Table 5.1b. Microstructure and Vickers hardness data obtained for Inconel alloy MA6000, after zone annealing at 1200 QCwith different specimen
travel speeds.
TpOC
1200
1200
Specimen
Condition
PI: RO
Pr: RO
Specimen Travel speed mmlmin
0.4 0.8 1.4 3.2 5.0 7.7 10.0
OX OX OX OX OX POX PX
OX POX X
HardnessVickers HVN(10kg)
0.4 0.8 1.4 3.2 5.0 7.7 10.0
483 478478 473493 519525
488 488 495 488 488 525 525
478 495455 508473 525519
478 493 495 493 478 530 542
468 488 488 488 498 519 530
498 519 508
514 536525
508 542542
525 525542
498 493548
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Mean HardnessVickers HVN(10kg)
0.4 0.8 1.4 3.2 5.0 7.7 10.0
476 488482 490 486 524 528
508 523 533
Table 5.lc. Microstructure and Vickers hardness data obtained for Inconel alloy MA6000, after zone-annealing at 1300 QCwith different specimen
travel speeds.
Tp QC Specimen
Condition
1300 PI:RO
1300 Pr: RO
Specimen Travel Speed mmlmin
0.8 1.4 3.2 5.0 7.7 10.0
OX OX OX OX POX X
OX POX X
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Hardness Vickers HVN(10kg) Mean HardnessVickers HVN(1Okg)
0.8 1.4 3.2 5.0 7.7 10.0 0.8 1.4 3.2 5.0 7.7 10.0
413 421 437 468 483 503 420 489 469 489 499 512
413 433 446 488 508 503
446 464 503 503 514 542
413 446 503 503 508 519
413 433 455 483 483 493
493 498 519 482 503 513
478 519 525
493 519 536
473 498 503
473 483 483
Table 5.2. Temperatures recorded at three positions on the same sample during zone annealing at
Tp = lI50°C. Note that the travel time through the R. F. coil increases with the row number in
each tabulation.
Specimen Travel Speed, 1.4 mm/min
Point 1 Point 2 Point 3
1135 1025 870
1140 1050 890 Peak temperature measured at point 1
1080 1113 970
1025 1130 1020 Peak temperature measured at point 2
890 1065 1130
860 1033 1143 Peak temperature measured at point 3
Specimen travel speed, 3.2 mm/min
Point 1 Point 2 Point 3
1110 1020 855 Peak temperature measured at point 1
990 1125 1030 Peak temperature measured at point 2
860 1030 1145 Peak temperature measured at point 3
Specimen travel speed, 5.0 mm/min
Point 1 Point 2 Point 3
1076 1025 865 Peak temperature measured at point 1
975 1112 1040 Peak temperature measured at point 2
848 1012 1148 Peak temperature measured at point 3
T
2 3 4mm
Speci men ..•ll.
-----25mm .
Schemat ic drawi ng showi ng
thermocouple arrangement
for measuring differences
in peak-temperature, at
different parts of the specimen
duri ng operation.
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Three-wey thermo-
couple controller
Thermometer
Figure 5.11 shows the microstructure obtained after zone annealing samples at Tp = l300°C.
Extremely coarse grained regions are observed at the specimen ends, the coarseness of these grains
decreasing as the specimen travel speed increases. These end effects are, as mentioned earlier, a
consequence of the R. F. heating technique. The free surfaces at the ends of the samples are
susceptible to R. F. heating effects, giving relatively lower temperature gradients and hence inducing
equiaxed grain growth. The influence of the end surfaces would be expected to be reduced as the
speed increases, and hence, a lower grain size is seen at the ends of the specimen travelled at higher
speeds.
5.7.1 Particle Alignment
An attempt was also made to investigate any tendency for the alignment of oxide particles along
the extrusion direction, since such alignment could potentially lead to anisotropic grain growth of
the type observed. Figure 5.12, which is taken from a polished but unetched specimen of MA6000
in the as-received condition, shows that there are some coarse particles aligned along the working
direction. These are not polishing artefacts because the features appeared even when the samples
were prepared with the grinding and polishing directions normal to the working direction (figure
5.l2b, is such a case).
Note that most of the yttria particles are supposed to be very small (20-40 nm), so that those
apparent in figure 5.12 must represent the very much coarser part of the size distribution.
Transmission electron microscopic studies, attempted to investigate the effect of fine particles, failed
to reveal any obvious alignment of those particles in the alloy.
To see whether the observed degree of particle alignment is significant with respect to
recrystallisation behaviour, zone annealing experiments were performed on specimens prepared with
their long axes perpendicular to the rolling direction. The recrystallised microstructures recorded
after zone annealing these specimens at peak temperatures of 1200 and 1300°C, perpendicular to the
rolling direction, at specimen travel speeds 1.4, 3.2 and 5.0 mm/m in , are shown in figures 5.13 and
5.14. Although there is clearly some tendency towards directional recrystallisation, but there exist
large regions of equiaxed grain structure. Furthermore, even the mildly directional grains are not as
anisotropic as those observed on zone annealing under identical conditions but with the travel
direction parallel to the rolling direction (see figure 5.10 & 5.11). These results indicate that there is
indeed an influence of particle alignment in promoting directional recrystallisation with high growth
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rates along the working direction, but as will be seen later, the effect for MA6000 is far smaller
than for the aDS steels to be discussed in chapters 6 and 7. Also, to obtain a highly directional
microstructure in MA6000, it is clearly necessary to anneal in a thermal gradient, at suitable
temperatures, specimen travel speeds, and along specific directions.
An enormous difference in grain size can be seen from the micrographs shown in figures 5.10
and 5.11. These differences are consistent with the hardness data listed in Table 5.1b & c, which
clearly show that the decrease in grain size correlates with an increase in the hardness.
Quantitative grain size measurements were carried out using the mean linear intercept method on
micrographs taken from longitudinal sections of the samples. It turns out that the accurate
measurement of grain size is very difficult because of difficulties experienced in clearly .identifying
the grain boundaries. Approximate grain size measurements from fully recrystallised specimens are
listed in Table 5.3.
Table 5.3. Grain size as-measured by the linear intercept method, after wne annealing Inconel alloy
MA6000 at different temperatures and specimen travel speeds. The quantities given in brackets
indicate the standard deviations of the measurements.
Material Specimen Travel Speed mm/m in
0.4 0.8 1.4 3.2 5.0 7.7 10.0
Grain Size (G') mm
MA6000 1160 0.17 0.17 0.16 0.12 0.13 0.09
(0.07) (0.06) (0.07) (0.06) (0.04) (0.04)
1200 0.26 0.19 0.23 0.15 0.10 0.13 0.11
(0.06) (0.07) (0.06) (0.04) (0.04) (0.04) (0.04)
1300 0.19 0.20 0.14 0.12 0.09 0.10
(0.07) (0.07) (0.06) (0.06) (0.07) (0.04)
The grain size measurements were done for two reasons, a) to measure the width of the
columnar grains after each successful directional recrystallisation experiment, b) to interpret the data
obtained from the hardness tests.
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It can be seen from Table 5.3, that the grain size measured from the specimen zone annealed at
Tp = 1200°C and a specimen travel speed of 0.8 mm/min is relatively low and its hardness is
relatively high (500 HV). But as the speed was increased the grain size also increased, but
eventually it decreased again, such a peak in grain size is difficult to explain.
The temperature versus time data recorded during zone annealing together with a corresponding
set of data for exp(-Q/RT) as a function of time are illustrated in figures 5.3 and 4 respectively.
These latter data are henceforth referred to as the "kinetic strength" data. The concept of the "kinetic
strength" of an anisothermal heat treatment is discussed and mathematically expressed in chapter six.
As recrystallisation involves the movement of grain boundaries, it is appropriate to consider the
transfer of atoms across the boundary as it moves, as a rate limiting step in the process. The
activation energy Q for this process will depend on the coherency of the boundary. For a coherent
boundary Q should be similar to that for volume diffusion. For an incoherent boundary, Q should be
about half the value for self diffusion (Christian, 1965).
To calculate D from the experimental data, the value for Q has taken equal to the value for the
tracer diffusion coefficient of pure nickel, which is equal to 284,716 J mo1-1 as reported by Weast
(1976-77). Since there is no transition from directionally recrystallised to partial directional
recrystallisation observed at any temperature and speed used to directionally recrystallise the
nickel base superalloy MA6000, so it was found difficult to measure the activation energy Q (from
the experimental data), required for MA6000 to directionally recrystallise.
5.8 Summary
To obtain directional recrystallisation, zone annealing experiments were performed on oxide
dispersion strengthened nickel base superalloy MA6000. Optical and transmission electron
microscopy were used to analyse the microstructure in the as-received condition, which revealed that
MA6000 have a very small grain size (0.17J.l1l1).
A range of peak temperatures and specimen travel speeds for zone annealing were used to
investigate directional recrystallisation. Directional recrystallisation and the associated substantial
decrease in hardness was only observed to occur, for the conditions studied, when the peak
temperature exceeded 1IOO°C.
Some alignment of relatively coarse particles was found to be present in the fabricated alloy, and
this seems to promote the growth of grains along the working direction during secondary
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tend to directionally
recrystallisation. The effect of particle alignment on directional recrystallisation was demonstrated by
zone annealing experiments performed on samples prepared normal to the rolling direction. The
resulting grain structure was less anisotropic when compared with samples zone annealed with travel
direction parallel to the working direction. Transmission electron microscopy failed to reveal any
obvious alignment of the very fine (20-40 nm) yttria particles in the alloy, so it is only the coarser,
optically resolvable particles which are responsible for promoting anisotropic growth.
5.9 Isothermal Annealing of ODS Alloy MA6000
Isothermal annealing experiments were also performed on MA6000 using conventional resistance
heating furnaces. As will be seen later, some mechanically alloyed metals
recrystallised even during isothermal annealing.
The specimens were annealed isothermally at temperatures ranging from 1100 to 13oo°C, at
100°C intervals. They were kept in the furnace for 900 seconds initially, subsequent annealing
periods being doubled for each successive heat treatment, to limiting time periods of 230400, 57600
and 14400 seconds at 1100, 1200 and 1300°C respectively.
Grain sizes (G') were measured using an image analyser "Seescan" which measures the Feret
diameter of each grain. The hardness data obtained from the heat treated samples are listed in
Tables 5.4 and 5.5 respectively.
From the hardness results listed in Table 5.5, it can be seen that annealing the specimens at
l100°C for up to 230400 seconds does not show any significant decrease in hardness, when
compared with the hardness changes obtained after annealing at relatively high temperatures and for
shorter time periods. These hardness results are better illustrated graphically in figure 5.15. This is
consistent with the earlier conclusions that no recrystallisation occurs at peak temperatures below
I
1160°C during zone annealing and is probably again related to the lack of y dissolution. Optical
microscopy (figure 5.16) revealed no significant change in microstructure after annealing at 1l00°C.
On the other hand, after annealing at 1200 and 1300°C, it is evident from figures 5.17 & 5.18,
that these samples show a fully recrystallised grain structure even after very short annealing periods.
Table 5.4, which shows the average grain size (G') as measured on the longitudinal sections of
specimens annealed at 1200 and 1300°C. Although the measurement errors are fairly large (Table
5.4), a relatively smaller grain size is recorded after isothermal annealing at 1300°C when compared
Ferct diameter can be explained as average of diameter of each grain along 36 different directions and 10° with
respect to each other.
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with that recorded after isothermal annealing at 12OO°C. This is consistent with the hardness data
enumerated in Table 5.4, which shows that after annealing at 13OO°C for 900 seconds. the hardness
recorded is slightly higher than when annealed at 1200°C for same period of time. The reason for
this behaviour are not understood. but the main conclusion from these experiments is the MA6000
does not directionally recrystallise during isothermal annealing, so that the influence of oxide particle
alignment induced during working is rather small.
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Table 5.4. illustrating average grain size (mm), after isothermal annealing MA6000 at different
temperatures and time. The quantities given in brackets indicate the standard deviation of the
measurements.
Temperature
°c 900
Annealing time in seconds
1800 3600 7200 14400 28800 57600
Average grain size (mm) G'
1200 0.15 0.15 0.15 0.23 0.18 0.20 0.18
(0.02) (0.02) (0.02) (0.03) (0.03) (0.03) (0.02)
1300 0.13 0.11 0.14 0.15 0.13
(0.02) (0.01) (0.02) (0.02)(0.01)
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Table 5.5. Hardness (HVN) data obtained after isothennal annealing MA6000 at different
temperatures and time.
Temperature
°c 900
Annealing time in seconds
1800 3600 7200 14400 28800 57600 115200 230400
Hardness HV
1100 634
649
657
642
634
606
613
634
627
613
613
620
634
620
606
606
627
613
634
613
613
620
620
613
613
613
613
613
613
613
613
613
613
606
606
585
579
599
599
592
519
525
525
525
519
Mean hardness values
1200
643
503
519
525
508
503
619
488
525
519
519
488
619
498
514
508
483
503
619
498
514
514
483
498
616
503
508
508
488
503
613
493
503
498
508
503
610
473
498
514
514
503
591 523
Mean hardness values
512 508 501 501 502 501 500
1300 508 468 498 519 478
514 530 525 525 508
519 548 530 514 498
542 530 508 498 519
519 508 498 478 519
Mean hardness values
520 517 512 507 504
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5.10 Conclusions
It appears that there is a well-defined recrystallisation temperature (around 1160°C) for MA6000,
below which no recrystallisation was observed during zone annealing or isothermal annealing
experiments, at least for the range of conditions considered. This may be related to the fact that
,
y only dissolves beyond that temperature. Some evidence for this was revealed by the modified
,
morphology of y observed in the recrystallised samples.
It is found possible to directionally recrystallise the Inconel alloy MA6000 in both parallel and
perpendicular directions to the rolling direction. However, the degree of grain isotropy is much
higher in the latter case, because of the presence of the aligned rows of particles along the working
direction, which enhance growth along that direction.
From the range of zone annealing experiments performed at variety of peak temperatures and
specimen travel speeds, it is found possible to control the grain size by recrystaliising at a suitable
temperature and speed.
Isothermal annealing experiments have confirmed that the lack of recrystallisation in superalioy
,
MA6000, below 1100°C, and this is probably a reflection of the lack of y dissolution below that
temperature. Furthermore, directional recrystallisation was not observed in any sample after
isothermally annealing, the recrystallised microstructures always appearing equiaxed. It is concluded,
therefore, that the influence of any particle alignment in the alloy is rather minor.
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Figure 5.3. Measured time versus temperature curves for the data recorded during zone annealing of
Inconel alloy MA6000.
a. Tp = llOO°C, profiles a-d represent specimen travel speeds 0.8, lA, 3.2 and 5.0
mm/min respectively.
b. Tp = 1160°C, profiles a-f represent specimen travel speeds 0.8, lA, 3.2, 5.0, 7.7
and 10.0 mm/min respectively.
c. Tp = 1200°C, profiles a-g represent specimen travel speeds OA, 0.8, lA, 3.2, 5.0,
7.7 and 10.0 mm/min respectively.
d. Tp = 1300°C, profiles a-f represent specimen travel speeds 0.8, lA, 3.2, 5.0, 7.7
and 10.0 mm/min respectively.
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Figure 504. Calculated values of the term exp(-Q/RT) versus time as recorded during zone annealing
experiments.
a. Tp = 1l00°C, profiles a-d represent specimen travel speeds 0.8, lA, 3.2 and 5.0
mm/min respectively.
b. Tp = 1160°C, profiles a-f represent specimen travel speeds 0.8, 1.4, 3.2, 5.0, 7.7
and 10.0 mm/min respectively.
c. TP = 1200°C, profiles a-g represent specimen travel speeds 0.4, 0.8, 1.4, 3.2, 5.0,
7.7 and 10.0 mm/min respectively.
d. TP = l300°C, profiles a-f represent specimen travel speeds 0.8, 1.4, 3.2, 5.0, 7.7
and 10.0 mm/min respectively.
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Figure 5.5. Micrographs taken after zone annealing MA6000 at Tp = 1100°C. The specimen travel
speeds and hardness data are as follows:
a.
b.
c.
d.
0.8 mm/min,
1.4 mm/min,
3.2 mm/min,
5.0 mm/min,
mean RV 615
mean RV 624
mean RV 637
mean RV 639
91
1.5mm
Figure 5.6. Microstructure recorded after zone annealing MA6000 at Tp = 1160°C, with different
specimen travel speed.
a. 0.8 mm/min, mean RV 496
c. 3.2 mm/min, mean RV 517
e. 7.7 mm/min, mean RV 527
b. 1.4 mm/m in, mean RV 499
d. 5.0 mm/min, mean RV 520
f. 10.0 mm/min, mean RV 534
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1 j.1111
Figure 5.7. Electron micrographs recorded on the examination of thin foil prepared from the
longitudinal section of the specimen zone annealed at Tp = 1160°C, with specimen travel speed of
5 mm/min.
a. Bright field image illustrating grain boundary in directionally recrystallised sample
of MA6000, no alignment of particles can be seen on or along the grain boundary.
b. Bright field image showing random distribution of particles in the matrix.
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11111
Figure 5.8. Transmission electron micrographs recorded on the examination of thin foil prepared
from the longitudinal section of the -specimen zone annealed at Tp = 1160°C, with specimen travel
speed of 5 mm/min.
a. Bright field image showing annealing twins in a directionally recrystallised grain of
nickel base superalloy MA6000.
b. Corresponding annealing twins dark field image.
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Figure 5.9. Transmission electron micrograph showing dendritic shaped y precipitate in nickel base
superaliJY MA6000, after zone annealing at Tp = 1160°C, with a specimen travel speed of 5
mm/mm..
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Figure 5.10. Showing the microstructure of MA6000, after zone annealing at Tp = 1200°C. The
specimen travel speeds and hardness data are as follows:
a. 0.4 mm/min, mean HV 476
d. 3.2 mm/m in, mean HV 490
g. 10.0 mm/min, mean HV 528
b. 0.8 mm/min, mean HV 488
e. 5.0 mm/m in, mean HV 486
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c. 1.4 mm/min, mean HV 482
f. 7.7 mm/min, mean HV 524
1.5mm
L-...-.....I
Figure 5.11. Showing the microstructure obtained after zone annealing samples at Tp = l300°C.
The specimen travel speeds and hardness data are as follows:
a. 0.8 mm/min, mean HV 420
c. 3.2 mm/min, mean RV 469
e. 7.7 mm/min, mean HV 499
b. lA mm/min, mean RV 489
d. 5.0 mm/min, mean RV 489
f. 10.0 mm/min, mean HV 512
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Figure 5.12. Shows some alignment of particles of yttrium oxide in samples of alloy MA6000, in
as-received condition. The sample is unetched.
a. Grinding and polishing, parallel to the rolling direction
b. Grinding and polishing, perpendicular to the rolling direction.
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Figure 5.13. Showing the microstructure recorded after zone annealing. The specimens were
prepared with the zone annealing direction perpendicular to the rolling direction at Tp = 1200°C.
a. 1.4 mm/min, RV 508 b. 3.2 mm/min, RV 523 c. 5.0 mm/min, RV 533
1.5mm
L-.-..J
Figure 5.14. The microstructure recorded after zone annealing (at Tp = 1300 0c) specimens in a
direction perpendicular to the rolling direction.
a. 1.4 mm/min, RV 482 b. 3.2 mm/min, RV 503
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c. 5.0 mm/min, RV 513
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Figure 5.15. Graphic representation of hardness results obtained after isothennal annealing MA6000
at temperatures ranging from 1100 to 1300ce for different periods of time. Note that the hardness
of the samples annealed at 1300ce in general trends to be higher than that of the samples annealed
at l200ce.
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Figure 5.16. Optical micrographs taken after isothermally annealing specimens from alloy MA6000
at 1100°C for:
a. 900 seconds, RV 634
b. 230400 seconds, RV 522
The indentation load applied was lOkg.
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b. 1800 s, HV 507
d. 7200 s, HV 501
f. 28800 s, HV 501
300wm
Figure 5.17. Microstructure and hardness obtained after isothermally annealing specimens from
MA6000 at 1200°C for:
a. 900 s, HV 511
c. 3600 s, HV 501
e. 14400 s, HV 502
g. 57600 s, HV 500
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Figure 5.18. Optical micrographs recorded after isothennally annealing specimens from MA6000 at
1300°C for:
a. 900 s, RV 520
c. 3600 s, RV 511
e. 14400 s, RV 504
b. 1800 s, RV 516
d. 7200 s, RV 506
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CHAPTER SIX
Zone Annealing and Isothermal Annealing Experiments Performed
on
Oxide Dispersion Strengthened Ferritic Steel Incoloy MA956
6.1 Introduction
For medium temperature applications, such as gas turbine components, a ferritic composition
offers certain distinct advantages over nickel base superalloys which are superior at high
temperatures. The melting point of Fe-Cr alloys, for example, is generally over l480°C, well above
that of typical Ni-base alloys. The density of a body-centred-cubic iron base alloy is at least 10%
lower than a face-centred-cubic alloy providing a significant strength to weight advantage.
Furthermore, ferritic compositions are characterised by lower thermal expansion coefficient than Ni-
base alloys which should be beneficial to thermal fatigue life (Fischer et al., 1977).
For more than a decade, oxide dispersion strengthened superalloys have been under intensive
development to exploit their potential for better creep resistance and stability at very high
temperatures (Hack, 1984). While a significant effort has been expended on oxide dispersion
strengthened nickel base superalloys, relatively little work has been done on iron-base, ferritic
materials for high temperature use.
The most highly developed steel, Incoloy alloy MA956 is an oxide dispersion strengthened Fe-
Cr-AI alloy produced by the mechanical alloying technique, which is explained in detail by
Benjamin (1970). The alloy is strengthened by an yttrium oxide dispersoid that remains stable at
temperatures up to the melting point of the material. The oxide particle size is reported for Incoloy
MA956 to range from 20 to 40nm (Hack, 1988). It has also been suggested by Huet et al. (1979),
that the oxide dispersion tends to stabilise the subgrain boundaries which contribute also for a
significant part to the strength of the alloy.
The chemical composition of alloy MA956, used to study directional recrystallisation in the
present work, is listed in Table 6.1 (also see Table 3.1).
The material is prepared by mechanical alloying using elemental iron powder and Fe-Cr-AI-Ti
master alloy crushed to 150 /lm; the Y203 powder is added and at this stage the whole mixture is
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hot compacted by extrusion.
Table 6.1. Chemical composition of Inconel Alloy MA956.
Alloy designation Chemical composition (wt%)
Cr AI C Y203 Balance
MA956 19.88 4.52 0.014 0.52 Fe
The properties, microstructure and other characteristics of ODS Fe-Cr-AI alloys, and their
recrystallisation behaviour are first reviewed and attention is then turned to the experimental results
obtained after performing zone annealing and isothermal annealing experiments, the aim of which
was to achieve and understand the directional recrystallisation behaviour of the alloy.
6.2 Properties of MA956
MA956 in the form of bar and sheet exhibits a high stress-rupture strength (e. g., 67 MN m-2 at
982°C for 1000 hours life, in the form of sheet (Incomap». As a consequence of its exceptionally
high aluminium content. the high strength capability is combined with exceptional high temperature
oxidation and corrosion resistance, associated with the formation of an aluminium oxide scale.
MA956 also has a good cyclic oxidation resistance. The alumina scale is an excellent barrier to
carbon in situations where carburisation occurs in hydrogen-methane mixtures at 1()()()OC,and this
makes an alloy useful in systems designed to convert gas into electricity. Sulphidation resistance is
also known to be good (Fleetwood, 1986). Figure 6.1 shows the stress-rupture properties of MA956
at 982°C and 1093°C, as reported by Fischer et al. (1977).
The strength properties of this alloy (MA956) are rather similar to the ODS Ni-alloys discussed
earlier and it possesses superior high gas velocity oxidation resistance at 1165 K (892°C) when
compared with the Ni-base alloys (Whittenberger, 1979).
6.3 Microstructure of ODS Fe-er-AI Alloys
Secondary recrystallisation (Aust, 1963), or exaggerated grain growth in oxide dispersion
strengthened materials leads to anisotropic grain size with high aspect ratio (l/d). In most cases the
ratio of longitudinal diameter 0) to transverse diameter (d) should generally be greater than 3 to
produce substantial improvements in high temperature properties. Under ideal conditions the aspect
ratio may exceed ten (Schilling. 1977).
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The grain structure of dispersion strengthened Ni-base alloys produced by mechanical alloying is
generally characterised by coarse, elongated grains (Benjamin, 1970 and Cairns, 1974). This type of
grain structure is developed during high temperature annealing treatment by a process resembling
secondary recrystallisation. It has been shown that the presence of coarse elongated grain structure is
vital to attain the good high temperature stress rupture properties (Wilcox and Clauer, 1972) by
providing fewer density of easy diffusion path along the major stress axis parallel to the long
directions of the grains.
Fischer et al. (1977), have attempted to study the structure and properties of a newly developed
dispersion strengthened ferritic alloy, designated MA956E, in sheet form, having chemical
composition Fe-19.1Cr-4.6Al-0.5OTi-0.50Y 203-0.260-0.042N wt%. They observed large, pancake
shaped grains which were approximately equiaxed in the plane of the sheet, with grain diameters
exceeding 5mm. They also examined the surface parallel to the rolling direction of the annealed
sheet, and found a highly elongated grain structure. The thickness of the grains was found to be in
the range 0.2 - 0.5mm, with an aspect ratio of > 10 for both the longitudinal and transverse
directions in the plane of the sheet. They also found some very fine elongated grains within the
large pancake shaped grains and assumed that these regions corresponded to remnant areas of
misorientation that recrystallise independently, and which cannot be accommodated by the sweeping
boundary that produces the large grains.
Ubhi et al. (1981), also studied the microstructure of MA956E in the form of hot-extruded bar
(the chemical composition was slightly different at Fe-18.55Cr-4.5Al-0.33Ti-0.032C-0.42Y203wt%.)
Using light microscopy they found a relatively fine elongated grain structure in the as-deformed
sample, with a wide variation in grain size. At higher magnification using transmission electron
microscopy, they observed very variable but usually elongated grains in both the longitudinal and
extrusion plane sections. Despite large variations in shape, they observed that most of the grains
were cigar-shaped with a length of about lllffi and a diameter of O.5llffi. They also observed a
variable density and distribution of dislocations from grain to grain. From all these observations.
they concluded that during the hot extrusion stage, dynamic recovery and recrystallisation occur to
produce a mixture of elongated deformed grains and relatively equiaxed recrystallised grains. They
identified the second phase particles present in the bar using X-ray and electron diffraction as,
a) yttrium aluminate (3Y203.5Al203) - uniformly distributed fine spherical particles with an
average size of 30nm;
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b) titanium nitride (TiN) - angular particles with an average size of 200nm situated mainly, but
not exclusively, on the grain boundaries;
c) alumina (a-AI203) - occasionally arranged as long stringers, but otherwise as coarse irregular
particles ranging in size from 0.5 to I !lm.
According to Wilson et al. (1978), the most significant change which occurs during sintering and
extrusion is the formation of yttrium aluminate by reaction of fragmented ynria particles with the
aluminium available in solid-solution, and oxygen in air, in the can or from the decomposition of
fragmented oxides of master alloy. Surplus oxygen is certainly available within the system since free
a-aluminium oxide is also formed at this stage (Whittenberger, 1978).
6.4 Material
The material for the present work was supplied in the hot-rolled condition with no heat treatment
applied subsequent to fabrication, in the form of bar with 25mm diameter and lOOOmm length. The
hot-rolling was done at 1000°C in one heat from 54 mm diameter to 25 mm diameter (an 54%
reduction). Specimens for further work were cut in the form of square rods of dimension 5 x 5 x
20mm with the length direction parallel to the rolling direction, and others were prepared with the
long dimension perpendicular to the rolling direction. The details of equipment used for zone
annealing are given in chapter 3.
The zone annealing experiments have been performed at five different peak temperatures ranging
from 1180 to 1380°C, using eight constant specimen travel speeds for each peak temperature (0.2,
0.4, 0.8, lA, 3.2, 5.0, 7.7, 10.0 mm/min).
The initial microstructure (as-deformed) has been discussed in detail for MA956 in chapter 4.
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Figure 6.1. Stress-rupture curves from experiments conducted at 980°C and 1090°C for MA956E
sheet, after Fischer et al. (1977).
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6.S Results
The results obtained in the form of microstructure and hardness tests, after zone annealing
MA956 are listed in Table 6.2.
From the optical micrographs shown in figure 6.7, which were recorded after zone annealing the
specimens at Tp = 1150°C, with specimen travel speeds 0.2, 0.4, 1.4, 3.2, 5.0, 7.7 and 10.0
mm/min, only a very small amount of directional recrystallisation could be seen at even the slowest
travel speed (0.2 mm/min) utilised. This indicates that at relatively lower peak temperatures
(1150°C or less) longer time periods (not accessible with our equipment) are required to fully
directionally recrystallise the samples of alloy MA956.
From figures 6.8a, b, c & d, which were recorded after zone annealing samples at Tp =
1180°C with specimen travel speeds 0.8, 1.4, 3.2 and 5.0 mm/min respectively, it can be seen that
the faster specimen travel speeds have no significant effect on the microstructure, but as the speed
drops to 1.4 mm/min, the alloy partially recrystallises and until at the slower speed of 0.8 mm/min a
fully grown columnar grain structure is produced (figure 6.8a). It was observed (figure 6.8c & d),
that the samples did not exhibit any equiaxed grain structure at the specimen ends when prepared
and zone annealed parallel to the rolling direction. Under the same conditions, those samples which
were zone annealed, after being prepared normal to the rolling direction, exhibited an equiaxed grain
shape at a specimen travel speed of 1.4 mm/min. Further increases in specimen travel speeds
produced only partially recrystallised grain structures (see Table 6.2a & figure 6.16).
These differences in behaviour could be a consequence of the fabrication process. An attempt
was made to show the effect of particle alignment on the recrystallisation of MA956, alignment
which can be seen in figure 6.9, which was taken from an unetched specimen zone annealed at
Tp = 1280°C and 1.4 mm/min. It is apparent that some of the particles are aligned along the
defonnation direction, the spacing between adjacent rows of aligned particles being approximately
equal to the maximum lateral spacing observed between two adjacent grain boundaries in
directionally recrystallised specimens.
The transmission electron micrograph shown in figure 6.10, recorded from the longitudinal
section (parallel to the rolling direction) of the sample zone annealed at Tp = 1180°C (0.8
mm/min), further confirms the effect of particles on the directional recrystallisation process for
MA956, which directionally recrystallises even during isothermal annealing. From figure 6.10, it can
be seen that the very fine and relatively coarser particles are aligned along the grain boundary,
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the hardness values correspondingly
which was found after considerable effort because of large grain size (Table 6.3) obtained after zone
annealing. Figure 6.11 illustrates the microstructure observed using transmission electron microscopy
on a sample zone annealed at Tp = l280°C (3.2 mm/min). It can be seen that the small particles
have a pinning effect on the grain boundary but not to an extent which prevents recrystallisation.
Occasionally, streams of unrecrystallised regions were found between nearly fully recrystallised,
dislocation "free" grains. This happened at the faster specimen travel speed (3.2 mm/min), where
recrystallisation front moves relatively rapidly so that any regions which are pinned will be left
behind and may leave the hot zone before unpinning can occur. Such effect could not be revealed
using optical microscopy which indicates full recrystallisation ( figure 6.12c).
The microstructural results obtained after zone annealing at Tp = 1180°C, from the specimens
prepared parallel to the rolling direction were found to be in good agreement with the hardness
results. It can be seen from Table 6.2a, and figures 6.8a - d that as the specimen travel speed
decreases and the material undergoes recrystallisation,
decrease.
The data for Tp = 1180°C reported in Table 6.2a, in effect give an experimental measurement
of the grain boundary movement rate since there is a transition from a fully directionally
recrystallised microstructure to one which contains some recrystallised grains in a partially
recrystallised sample. At the speeds higher than the transition speed, the recrystallisation front
cannot keep up with the motion of the sample and only partial recrystallisation is achieved, the
boundaries could, within the confines of the hot zone, move at rates higher than the specimen travel
speed. The partially recrystallised samples show that there is no difficulty in nucleating new grains,
but because these grains are unable to keep up with the motion of the sample, only partial
recrystallisation obtains. Thus, for the partially recrystallised sample, the specimen speed gives an
upper limit to the grain boundary velocity in the direction of specimen travel.
Assuming that columnar growth can only be sustained if the interface velocity Iv is equal to or
greater than the specimen travel speed Tv,
we have,
Iv < Tv ~ partial recrystallisation
and if,
Iv « Tv ~ deformed state remains
and if,
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Iv ~ Tv ~ directional recrystallisation follows
Now grain boundary rate theory for isothennal conditions gives (Christian, 1975),
..... (6.1)
v
k
T
now,
interface velocity
thickness of boundary - size of 1 atom
atomic vibration frequency
free energy of activation, (especially for incoherent growth)
driving force per atom (from 13 to a. ), where 13 and a. refer
to the recrystallised and defonned grains respectively
Bo1tzrnann constant JIK
absolute temperature
Where h is the Planck constant.
v= kT / h .....(6.2)
Since the driving force for recrystallisation is constant and independent of temperature, and since
the other terms apart from temperature are also in effect constant, the above equation (6.1) reduces
to the form
Iv oc exp { -Q / RT } ..... (6.3)
where Q is an activation energy.
An attempt has been made to deduce the activation energy Q from the experimental data on
directionally recrystallised samples. The equations discussed above deal with the motion of a grain
boundary under isothennal conditions, whereas, zone annealing clearly involves a complicated
continuous heating and cooling cycle.
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One way of taking this into account could be by using the concept of the "kinetic strength" of an
anisothennal heat treatment. This concept has been used for many decades in the form of the
Hollomon-Jaffe tempering parameter (Hollomon and Jaffe, 1945) and has in recent years been re-
emphasised in the modelling of the heat-affected zones of steel weld deposits by Ashby and
Easterling (1982). In essence, the kinetic strength of a heat treatment is indicated by integrating the
exponential function over the range of the heat treatment. The concept may be applied in the present
work by deducing the minimum value of kinetic strength, D = DE' required to induce directional
recrystallisation. In this way, if a given combination of specimen travel speed and peak temperature
results in a value of kinetic strength which is less than DE' then those conditions should not lead to
complete recrystallisation. An excess of kinetic strength beyond D simply should lead to additional
annealing after recrystallisation is completed. The concept is illustrated in figure 6.2, where
treatment 2 has just the right kinetic strength to induce directional recrystallisation, whereas,
treatment 1 and 3 are inadequate and excessive, respectively.
I-
.::L.
"-o
I
time
Figure 6.2. Illustrate the concept of "kinetic strength" D as discussed above.
The kinetic strength may be expressed mathematically as:
D = itl exp{-iL}dt
to RT
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..... (6.4)
The transition from partially recrystallised to a fully recrystallised sample should then occur when D
achieves a critical value D = DE.
A further useful concept is the effective temperature TE associated with the heat treatment. It
can be derived as illustrated in figure 6.3 by converting the anisothermal heat treatment into an
isothermal treatment while maintaining the value of D.
<1>
~t
o
••
time
Figure 6.3. Illustrate the concept of effective temperature T E associated with the heat treatment, by
coverting the anisothermal heat treatment into an isothermal treatment while maintaining the value
of D. It follows that the minimum effective temperature is given by
.....(6.5)
The effective temperature TE also permits an experimental evaluation of the value of the unknown
activation energy Q. Zone annealing experiments can be carried out at two peak temperatures and
variety of specimen travel speeds.
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These should yield two interface velocities at different effective temperatures, the velocity in
each case detennined by the speed at which a transition from directional recrystallisation to partial
recrystallisation is achieved. It follows that,
where,
v/ = ex {_ Q (Tg - TE) }
VB P R TA TA2 E E
..... (6.6)
vt specimen travel speed at the transition from fully recrystallised to partially
recrystallised samples, during zone annealing with a peak temperature "A"
V2B specimen travel speed at the transition from fully recrystallised to partially
recrystallised samples, during zone annealing with a peak temperature "B"
T·4E
TBE
effective temperature associated with zone annealing in which the peak
temperature is "A"
effective temperature associated with zone annealing in which the peak
temperature is "B",
By identifying the transition from fully to partial recrystallisation for two peak temperatures,
equation 6.6 can be solved to yield a value of the activation energy. Experimental data (figure 6.4)
were obtained from zone annealing experiments at peak temperatures of 1150 and 1380°C, and were
used to evaluate the activation energies. Three (at Tp = 1180 - 1280°C) transition points have been
used to measure the average value of Q. The first transition was taken from the results obtained
after zone annealing specimens at 1200°C with specimen travel speed 1.4 mm/min. The second and
third transition were taken from 1280°C (7.7 mm/m in) and 1180°C (l.4 mm/min) respectively.
The measured value of the activation energy Q was found to be 402791 J mol-1 which is much
larger than the corresponding activation energy for self diffusion in a-iron (Q = 257500 J mol-1 as
reported by Weast, 1976-77). The value is probably much higher because of the particle dispersion
present in the samples or as a consequence of some kind of a solute drag effect.
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The graphs have been plotted as a function of time and temperature for the data measured during
operation at the temperatures ranging from 1150 to 1380°C, with different specimen travel speeds
are shown in figure 6.4. By integrating the same data graphs have also been plotted for exp(-Q/RT)
versus time (figure 6.5).
The area under the curve (D) have been calculated from the graphs shown in figure 6.4 by using
measured value of Q (402791 J mol-I). From the values of 0, calculated for different temperatures
and specimen travel speeds, graphs have been plotted for the integral D (seconds) versus velocity
(mm/min) and are shown in figure 6.6, where a band has been drawn within the values of the
transition from directional recrystallisation to partially directional recrystallisation.
It was hoped that the transition for directional recrystallisation to partial directional
recrystallisation would fall within the same value of kinetic strength irrespective of temperature. This
is in fact the case for all samples except those annealed at lowest temperature for which the
results do not fit the theoretical approach. The results are consistent with the theory except in the
case of zone annealing experiments at Tp = 1150°C. Discrepancies probably arise because
nucleation is difficult at this temperature.
The degree of recrystallisation can be estimated from the hardness data for the specimens which
recrystallised partially:
% recrystallised = [1 - {(H - Hmin) / (Hmax - Hmin)}] 100
where H is the hardness of the partially recrystallised sample, Hmax is the hardness of the sample in
deformed condition and Hmin is the hardness of a fully recrystallised sample. The results are
illustrated in figure 6.6.
6.6 Further Experiments
From figure 6.12 and Table 6.3, it can be seen that at Tp = 1280°C for the 0.8 - 5.0 mm/min
specimen travel speeds there is little correlation between grain size and specimen travel speeds.
However, as the speed increases further, the grain width is found to increase sharply. This could be
attributed to the fact that at high temperatures where grain boundary mobility is also high, any
differences in mobilities will lead to the dominance of the grains with highest growth rates.
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To check whether the recrystallisation front tends to be ragged, as would be expected when there
are differences in grain boundary mobilities, some specimens were deliberately partially
recrystallised. Figure 6.14, shows the microstructure recorded from the samples zone annealed at
Tp = 1280°C, with the samples being rapidly quenched in water when the region illustrated entered
the R. F. coil. It is very clear that the recrystallisation front is far from uniform, with significant
differences in the penetration of grains into the deformed region.
An attempt was also made to directionally recrystallise specimens prepared with the zone
annealing direction perpendicular to the rolling direction, at peak temperatures ranging from 1180 to
1380°C and using specimen travel speeds of 1.4, 3.2 and 5.0 mm/min (Figures 6.15 - 17). The
samples often recrystallised only partially and with more or less equiaxed grain growth. The
specimens were only nominally effected by the temperature gradient. At the highest peak
temperatures (1280 and 1380°C), directional recrystallisation did occur, but in the wrong direction,
parallel to the deformation direction rather than the zone annealing direction.
This kind of recrystallisation behaviour has been only detected in this alloy (MA956), and
reveals the influence of hot rolling and particle alignment on the recrystallisation in MA956. The
rransmission electron micrograph (figure 6.18) provides an evidence for the particle alignment along
the direction of the hot rolling.
Symbols
D
DX
HV
PDX
PI: RD
Pr: RD
Terms
As-deformed
Directionall y recrystallised
Vickers hardness
Partial directionally recrystallised
Parallel to the rolling direction
Perpendicular to the rolling direction
Peak temperature
partially recrystallised
Recrystallised with an equiaxed grain structure.
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Table 6.2a. Microstructure and Vickers hardness data obtained for Incoloy alloy MA956, after zone annealing at different temperatures
and specimen travel speeds. HV in the as-received condition was 350 HVN(lOkg).
TpoC Specimen Specimen Travel Speed mm'min Hardness Vickers HVN{10kg) Mean Hardness Vickers HVN{10kg)
Condition 0.2 0.4 0.8 1.4 3.2 5.0 0.2 0.4 0.8 1.4 3.2 5.0 0.2 0.4 0.8 1.4 3.2 5.0
1150 PI:RD PDX PDX D D D D 306 327 319 327 333 333 322 326 326 326 334 333
319 322 330 327 333 330
333 330 330 325 336 333
327 325 327 325 330 333
325 325 322 325 330 333
1180 PI:RD DX PDX PDX D 258 283 339 339 258 304 341 344
258 333 345 348
258 235 339 348
258 294 345 342
258 285 339 345
1180 Pr:RD X PX PX 274 329 310 292 329 323
309 325 325
306 330 342
292 330 333
281 333 306
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Table 6.2b. Microstructure and Vickers hardness data obtained for Incoloy alloy MA956, after zone annealing at different temperatures and
specimen travel speeds.
TpoC Specimen Specimen Travel Speed mmlmin Hardness Vickers HVN(10kg) Mean Hardness Vickers HVN(10kg)
Condition 0.4 0.8 1.4 3.2 5.0 7.7 10.0 0.4 0.8 1.4 3.2 5.0 7.7 10.0 0.4 0.8 1.4 3.2 5.0 7.7 10.0
1200 PI:RD DX DX PDX PDX D D D 287 289 325 333 339 342 348 288 300 328 338 334 348 343
283 292 330 336 336 348 345
304 314 336 339 342 363 342
285 304 333 339 333 348 339
281 229 317 342 319 342 342
1280 PI:RD DX DX DX DX PDX PDX 245 256 276 272 281 317 254 258 271 272 277 305
258 262 270 276 281 325
258 262 276 287 279 322
253 256 264 262 276 283
258 254 270 262 270 279
1280 Pr:RD X DX DX 279 268 264 275 265 271
274 270 272
292 262 272
264 264 272
268 263 262
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Table 6.2c. Microstructure and Vickers hardness data obtained for Inconel alloy MA956, after zone annealing at 1380 QCwith different
specimen travel speeds.
TpoC Specimen Specimen Travel Speed mmlmin Hardness Vickers HVN(10kg) Mean Hardness Vickers HVN(1Okg)
Condition 0.8 1.4 3.2 5.0 7.7 10.0 0.8 1.4 3.2 5.0 7.7 10.0 0.8 1.4 3.2 5.0 7.7 10.0
1380 PI:RO OX OX DX OX OX OX 247 253 245 264 254 270 248 249 262 255 271 269
251 251 242 258 266 274
254 245 285 256 276 272
262 249 270 245 283 262
225 247 266 249 274 268
1380 Pr:RO X OX OX OX X X 243 258 254 258 247 254 234 248 251 260 251 266
233 249 254 260 253 274
233 245 253 264 249 281
233 249 253 268 251 276
227 238 245 251 254 245
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6.7 Isothermal Annealing of ODS Alloy MA956
Isothermal annealing experiments were performed on oxide dispersion strengthened ferritic
stainless steel MA956 (for chemical composition see Table 6.1 & 3.1), using conventional resistance
furnaces. The specimens were annealed isothermally at temperatures ranging from 1160 to 1360°c,
at 100°C intervals. The annealing time was initially 900 seconds, the time period being doubled for
each successive heat treatment, to maximum of 57600 seconds. The hardness (HVN) data for the
annealed samples are listed in Table 6.4 and are graphically shown in figure 6.19.
Figure 6.20 illustrate the microstructure recorded after successive annealing treatments at 1160°C.
It is evident that even for the maximum annealing time (57600 seconds), the specimen is not fully
recrystallised; only a few grains can be seen growing from the edges of the sample. As the
annealing time was increased the volume fraction of recrystallised grains was seen to increase. The
hardness measurements (Table 6.4) are consistent with the observations that the annealing treatments
at 1160°C, lead to fully recrystallise<1 specimens.
If the hardness values and microstructural results of the specimens isothermally annealed at 1260
and 1360°C are compared with those obtained after annealing at 1160°C (figures 6.20, 6.21 and
6.22), which represents the microstructure recorded after isothermal annealing the samples at 1260
and 1360°C, then it is once again clear that the heat treatments at 1160°C are inadequate to
produce full recrystallisation.
Equiaxed grains were never detected during isothermal annealing, the recrystallised grains being
columnar along the deformation direction. The formation of columnar grains in unidirection is
possibly due to the alignment of particles, as has been already discussed in zone annealing section
of MA956. These results contrast with the observations on the superalloy, where isothermal
annealing gave equiaxed grains. Assuming that in the case of the nickel base superalloy secondary
recrystallisation occurs when the alloy is zone or isothermally annealed, whereas with the steels, it is
primary recrystallisation. The driving force for change during annealing of the as-received material
is therefore expected to be much smaller with the superalloy. This may be the reason why
isothernlal annealing only produces equiaxed grains for the superalloy but directionally recrystallised
grains for steel (MA956).
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6.8 Conclusions
The directional recrystallisation behaviour of alloy MA956 appears to be strongly influenced by
its manufacturing process. In particular, the oxide dispersoids seems to align along the "hot"
working direction. This alignment, which has been demonstrated to favour anisotropic grain growth
along that direction, even when the imposed temperature gradient is not parallel to the working
direction.
The behaviour of the alloy during anisothermal annealing can be rationalised approximately,
using concept of "kinetic strength". Measurements of grain boundary velocities under different zone
annealing conditions enabled the estimation of the activation energy governing grain boundary
mobility. The activation energy is significantly higher than that for self diffusion in iron, perhaps
because of the effects of particles in pinning the boundaries, or as a consequence of some kind of a
solute drag effect
Similar microstructures of directionally recrystallised columnar grains were always observed
irrespective of the isothermal heat treatment applied. Equiaxed grains were not detected for this
alloy (MA956), for any of the isothermal heat treatments considered in the present work. The
microstructural results obtained after isothermal annealing at the range of temperatures and over a
variety of periods of time provides further evidence of the influence of oxide particle alignment on
the recrystallisation behaviour of alloy MA956.
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Table 6.3. Grain size measured by linear intercept method, after zone annealing MA956 at different
temperatures and specimen travel speeds. The values given in brackets indicate the standard
deviation of the measurements.
Material Specimen travel speed mm/min
0.8 1.4 3.2 5.0 . 7.7 10.0
Grain size (G') mm
MA956 1180 0.09
(0.05)
1280 0.17 0.14 0.17 0.14
(0.05) (0.05) (0.05) (0.05)
1380 0.12 0.14 0.17 0.12 0.13 0.30
(0.05) (0.05) (0.05) (0.05) (0.05) (0.08)
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Table 6.4. Hardness (HVN) data obtained after isothennal annealing of MA956 at different
temperatures and for a variety of time periods.
Temperature
°c 900
Annealingtimeinseconds
1800 3600 7200 14400 28800 57600
HardnessHVN(10kg)
1160 343 321 335 319 321 305 308
341 333 325 325 331 308 319
339 333 329 325 323 310 323
339 329 325 323 329 319 323
341 325 322 322 319 305 313
Mean hardnessvalues
341 328 327 323 324 309 317
1260 323 301 277 256 262 254 246
343 284 274 275 264 268 265
339 296 284 284 268 271 258
337 282 278 275 260 258 258
333 277 284 265 260 254 265
Mean hardnessvalues
335 288 279 271 263 261 258
1360 253 264 246 246 238 246 238
264 257 257 256 246 243 244
256 261 265 248 250 239 237
257 248 264 248 240 252 243
253 257 246 246 238 246 238
Mean hardnessvalues
251' 257 256 249 242 245 240
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Figure 6.4. Temperature (0C) versus time (s) graphs plotted after zone annealing MA956 at the
ternperatures ranging from 1150 to 1380°C,
Figure Tp Profiles Specimen travel speeds mm/min
6AA 1150°C a-f 0.2, 004,0.8, lA, 3.2 and 5.0
6AB 1180°C a-d 0.8, lA, 3.2 and 5.0
6AC 1200°C a-g 004,0.8, lA, 3.2, 5.0, 7.7 and 10.0
6AD 1280°C a-f 0.8, lA, 3.2, 5.0, 7.7 and 10.0
6AE 1380°C a-f 0.8, lA, 3.2, 5.0, 7.7 and 10.0
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Figure 6.5. Graphs of exp(-QIRT) versus time in seconds. The area under each curve is a measure
of kinetic strength.
Figure Tp Profiles Specimen travel speeds mm/min
6.4A 1150°C a-f 0.2, 0.4, 0.8, 1.4, 3.2 and 5.0
6.4B 1180°C a-d 0.8, 1.4, 3.2 and 5.0
6.4C 1200°C a-g 0.4, 0.8, 1.4, 3.2, 5.0, 7.7 and 10.0
6.4D 1280°C a-f 0.8, 1.4, 3.2, 5.0, 7.7 and 10.0
6.4E 1380°C a-f 0.8, 1.4, 3.2, 5.0, 7.7 and 10.0
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Figure 6.6. Showing the graphs plotted for Integral D (seconds) versus velocity. mm min-I. Graphs
e-h were ploned using the measured value of Q (402791 J mol-I).
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Figure 6.7. Optical micrographs recorded after zone annealing specimens at Tp = I 150°C. The
micrographs are from the regions where Tp was measured.
a. Specimen travel speed 0.2 mm/min b. Specimen travel speed 0.4 mm/min
c. Specimen travel speed 0.8 mm/min d. Specimen travel speed 1.4 mm/min
e. Specimen travel speed 3.2 mm/min f. Specimen travel speed 5.0 mm/min
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Figure 6.10. Transmission electron micrograph recorded using a foil prepared from the longitudinal
section of the sample zone annealed with Tp = l180°C and a specimen travel speed of 0.8
mm/min. Note the alignment of the particles and the fact that the grain boundary trace is parallel to
the rows of particles.
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Figure 6.11. Transmission electron micrographs of the samples zone annealed at 1280°C at a
specimen travel speed of 3.2 mm/min. Streams of unrecrystallised grains are seen to be trapped
between two fully recrystallised, "dislocation free" grains.
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Figure 6.8. Optical micrographs recorded after zone annealing specimens at 1180°C. The arrow
indicates the rolling and zone annealing direction.
a. Specimen travel speed 0.8 mm/min b. Specimen travel speed 1.4 mm/min
c. Specimen travel speed 3.2 mm/min d. Specimen travel speed 5.0 mm/min
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Figure 6.9. Showing alignment of particles along the rolling direction, recorded from an unetched
sample of MA956.
129
--_. -- ..:-~"'::_-:--_-----
~ - - --- - ..::-....:.::::
c
. , •
1.5mm
L.-.--....J
Figure 6.12. Optical r::.icrographs recorded after zone annealing MA956 at Tp = 1280°C. The arrow
indicates the direction of zone annealing.
a. 0.8 mm/mLI
d. 5.0 mm/m:.1
b. 1.4 mm/min
e. 7.7 mm/min
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c. 3.2 mm/min
f. 10.0 mm/min
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Figure 6.13. Optical micrographs recorded after zone annealing MA956 at Tp = 1380°C,
a. 0.8 mm/min b. 1.4 mm/min c. 3.2 mm/min
d. 5.0 mm/min e. 7.7 mm/min
133
f. 10.0 mm/min
LW
.. ..~"".. - -.- ~ ~-,. . "'.
; ";jT
1mm
L--..J
Figure 6.14. Optical micrographs recorded after zone annealing MA956 at Tp = 1280°C, but with
the specimens rapidly quenched in water after partial passage through the R. F. coil.
a. 0.8 mm/min b. 7.7 mm/min
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Figure 6.15. Micrographs recorded after zone annealing specimens prepared nonnal to the rolling
direction, at Tp = l180°C with specimen travel speeds,
a,b. lA mm/min c,d. 3.2 mm/min e,f. 5.0 mm/min
Each pair of micrographs reveals the microstructure from two different parts of specimen, for
example, pair a & b represents the enter part (part of specimen first passed through R. F. coil) and
the middle part of specimen from where the peak temperature was recorded.
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Figure 6.16. Optical micrographs recorded
after zone annealing at Tp = 1280°C.
Specimens prepared perpendicular to the
rolling direction with specimen travel
speeds. The arrow indicates the
direction of zone annealing.
a. lA mm/m in
b. 3.2 mm/min
c. 5.0 mm/min
••
b lOO~lm
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Figure 6.17. Optical micrographs recorded
after zone annealing at Tp = 1380°C.
Specimens prepared perpendicular to the
rolling direction with specimen travel
speed. The arrow indicates the
direction of zone annealing.
a. 1.4 mm/min
b. 3.2 mm/min
c. 5.0 mm/min
•••.. •
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Figure 6.18. Transmission electron micrograph recorded from the thin foil prepared from specimen
zone annealed at Tp = 1280°C with specimen travel speed of 3.2 mm/min. It is obvious from the
micrograph that the hot rolling has a major contribution in the directional recrystallisation of Incoloy
MA956, in a way that it aligns the particles along the working direction, which gives the grains an
immense boost to recrystallise in unidirection during heat treatment
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Figure 6.19. Graph showing variation in hardness versus time, after isothermal annealing at
temperatures in the range 1160 to 1360°C.
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Figure 6.20. Showing the microstructure recorded after isothermal annealing specimens at
1160°C for:
a. 900 seconds
c. 3600 seconds
e. 14400 seconds
g. 57600 seconds
b. 1800 seconds
d. 7200 seconds
f. 28800 seconds
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Figure 6.21. Showing the microstructure recorded after isothermal annealing at 1260°C for:
a. 900 seconds
c. 3600 seconds
e. 14400 seconds
g. 57600 seconds
b. 1800 seconds
d. 7200 seconds
f. 28800 seconds
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Figure 6.22. Showing the microstructure recorded after isothermal annealing specimens at
1360°C for:
a. 900 seconds
c. 3600 seconds
e. 14400 seconds
g. 57600 seconds.
b. 1800 seconds
d. 7200 seconds
f. 28800 seconds
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CHAPTER SEVEN
Zone Annealing and Isothennal Annealing Experiments on
Oxide Dispersion Strengthened Ferritic Steel Incoloy MA957
7.1 Introduction
It is now well-established that the incorporation of fine oxide dispersions in oxidation resistant
metallic matrices can provide alloys with good high temperature strength. In addition, carefully
controlled processing can induce the formation of very large elongated grains, which contribute
significantly to creep resistance. Although considerable research has been done on dispersion
strengthened nickel base alloys, comparatively few data are available on similar ferritic materials.
The results obtained from zone annealing and isothennal annealing experiments on experimental
alloy MA957, are discussed in the present chapter.
The alloy is ferritic and is one of the more recently developed metals, which is dispersion
strengthened with Y203' It is produced from powder by mechanical alloying, and its nominal
chemical composition is listed in Table 7.1.
Table 7.1. Chemical composition of Incoloy alloy MA957.
C Cr
Chemical composition (wt%)
Al Ti ° Y203 Balance
0.01 14.29 1.01 0.04 0.21 0.27 Fe
7.2 Material
The alloy was supplied in the "hot-rolled" condition in the form of 1000 mm long bar of 9.5 mm
diameter. Hot rolling was carried out at 1000°C with a reduction from 54 mm diameter to 9.5 mm
diameter (an 82% reduction in area) being achieved in one pass.
Specimens were cut in rectangular shape with the final dimensions of 2.5 x 4 x 20 mm, the
length being along the rolling direction. They were then zone annealed at three different peak
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temperatures ranging from 1150 to 1350°C, using eight constant specimen travel speeds (0.2, 0.4,
0.8, 1.4, 3.2, 5.0, 7.7 and 10.0 mm/min). The hardness tests were performed using Vickers hardness
testing machine. A load of lOkg was applied for each indentation.
7.3 Results and Discussion
Transmission electron micrographs of alloy MA957, taken using thin foils prepared from
transverse and longitudinal sections of the bar in the as-received condition (figure 7.1 a), revealed a
slightly anisotropic grain structure in the transverse section of the bar but, highly elongated grains
for the longitudinal section (figure 7.1). The microstructure was found to be consistent with a cold-
deformed state, with an obviously high density of dislocations. The initial hardness measured in the
as-received condition was found to be 410 HVN (lOkg), again consistent with a cold-deformed
microstructure; fully annealed iron can have a hardness of less than 200 HVN(lOkg).
Optical microscopy of zone annealed specimens (Tp = 1150°C, 0.8 to 5.0 mm/min), figure 7.2,
revealed no significant change in microstructure, and these observations were reflected in the high
hardness values (Table 7.2a).
For the higher peak temperature of 1250°C, figure 7.3 shows that as the specimen travel speed
increases the volume fraction of recrystallisation decreases until eventually, the deformed
microstructure remains apparently unchanged. The material clearly shows a tendency to direction ally
recrystallise at Tp = 1250°C and the results are consistent with the corresponding hardness data.
The hardness was noted to decrease with an increase in travel speed (Table 7.2b). A drastic
difference in hardness was recorded between the recrystallised and unrecrystallised regions of the
sample. An example of this is the sample zone annealed at Tp= 1250°C and 3.2 mm/min (see figure
7.3e). The hardness measurements for the recrystallised and unrecrystallised regions turned out as
181 and 357 HVN(lOkg) respectively. This indicates some recovery in the apparently
unrecrystallised regions.
Figure 7.4 shows a transmission electron micrograph which was taken using a thin foil prepared
from the longitudinal section of the specimen zone annealed at Tp = l250°C and a specimen travel
speed of 5.0 mm/min. The microstructure observed confirms the unrecrystallised, deformed state of
sam pIes zone annealed at the faster specimen travel speeds.
Figure 7.5, shows the microstructure observed after zone annealing samples at Tp = 1350°C. It
can be seen that the specimens are fully directionally recrystallised. At slower specimen travel
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speeds (0.8 & 1.4 mm/min.), a columnar grain structure was observed, which had the appearance of
a cast ingot, but as the specimen travel speed increased to 5.0 mm/min, relatively small but
directionally recrystallised grains were observed.
The ingot type grain structure (figure 7.5a & b), was thought to be due to dominance of grains
growing from the surface of the sample since the R. F. technique preferentially heats that region and
the remainder of the sample increases in temperature by induction. To minimize this effect, zone
annealing experiments were performed on the samples pre-annealed at 550°C for 90 hours and for
10 days. The aim was to reduce grain growth rate and thereby cut down the tendency for the
favoured surface grains to dominate the microstructure. The reduction in stored energy could be
measured as a decrease in hardness. The hardness for MA957 in the as-received condition, after pre-
annealing at 550°C for 90 hours and 10 days was measured to be 410, 378 and 376 HVN(lOkg)
respectively.
Some specimens were zone annealed after pre-annealing, at peak temperatures ranging from 1150
to 1350°C. The results are illustrated in figure 7.2 which shows that for Tp below 12()()OC,does not
significantly influence the optical microstructure and the hardness also remains as high as it was
measured from the samples zone annealed without pre-annealing (Table 7.2a).
If it is assumed that pre-annealing reduces the stored energy, then it may be concluded that a
reduction in stored energy retards recrystallisation. Examination of the pre-annealed samples zone
annealed at Tp = 1250°C reveals (figures 7.6, 7.7) that at a specimen travel speed of 0.2 mm/min,
only partial directional recrystallisation occurs, whereas in the absence of pre-annealing, the samples
are fully recrystallised (figure 7.3a). The hardness results (Table 7.2b) from those samples are also
found to be in good qualitative agreement with the microstructural observations.
The micrographs shown in figures 7.8 and 7.9, were taken after zone annealing those specimens
which were pre-annealed at 550°C for 90 hours and 10 days respectively. It can be seen that at the
relatively high peak temperatures the microstructure obtained is not altered significantly by pre-
annealing although in some cases, the fine grain structures obtained during zone annealing are
replaced by more elongated grains (e.g. figures 7.5c with 7.8c and 7.9c).
An examination of thin foils prepared from longitudinal section of directionally recrystallised
san1ple, revealed a tendency for particle alignment along the working direction (figure 7.10),
although the tendency for alignment appeared less than in alloy MA956 (figure 6.8 of chapter six).
This could be due to relatively smaller addition of Y203 particles (0.27 wt%) (Table 7.1), compared
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with MA956 which contains 0.52 wt% Y203 particles.
There is an obvious tendency for the grain boundary to be pinned by the particles, although
again, the pinning is clearly inadequate to completely stop recrystallisation. However, the effect of
the oxide particles was evident in the observations of small regions of unrecrystallised material
pinned and left behind as the remainder of the recrystallisation front advanced relatively rapidly
(figure 7.13).
The data for Tp = 1250°C listed in Table 7.2b, give an indication of the grain boundary
advancement rate, since there is a transition from a fully directionally recrystallised microstructure to
one which contains some recrystallised grains in a partially recrystallised sample. There is clearly no
difficulty in nucleating new grains, but due to faster specimen travel speed these grains are not
capable to keep up with motion of the sample, the specimen travel speed gives an upper limit to the
grain boundary velocity.
The concept of "kinetic strength" D and "effective temperature" TE' discussed in an earlier
chapter and mathematically expressed in equations 6.4 and 6.6 respectively, have been applied to
measure the activation energy Q, from the experimental data (figure 7.14i) obtained after zone
annealing samples MA957 at peak temperatures ranging from 1150 to 1350°C.
As described in the previous chapter, the effective temperature (TE) allows an experimental
evaluation of the activation energy Q, by performing zone annealing experiments at two different
peak temperatures and a range of specimen travel speeds. The velocities (0.4 mm/min and 7.7
mm/m in) at peak temperatures (Tp = 1250 and 1350°C respectively), where transitions from partial
directional to fully directional recrystallisation were identified, and have been used to measure the
activation energy.
The measured value of Q for alloy MA957 was found to be 654257 J mol-1, which is much
larger than that of alloy MA956 (402791 J mor). This significant difference in the measured
activation energies of two identically processed alloys (MA957 and MA956) may be due to the
amount of deformation applied to each alloy 82% and 54% reduction respectively. Although MA957
has a lower oxide content, the tendency for particle alignment is smaller, so that grain boundary
mobility along the annealing direction may be more effectively impeded.
By integrating the data measured during operation at the peak temperatures ranging from 1150 to
1350°C with a variety of specimen travel speeds, graphs have been plotted for exp (-Q / RT) versus
time (figure 7.15).
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The area under each curve (0) was calculated from the graphs shown in figure 7.14, with each
curve based on the measured value of Q (654257 J mol-I). The calculated value of 0 was then used
to plot the graphs for the integral 0 (seconds) versus velocity (mm/m in) , as shown in figure 7.16,
which shows that the transition from directional recrystallisation to partial directional
recrystallisation comes at approximately same value of kinetic strength irrespective of temperature.
The results are consistent with the theory except for the conditions where no recrystallisation was
observed.
The following notation is used to indicate the microstructure and processing in the tables used to
summarise the experimental data:
Symbols
o
ox
RV
Pre AId
POX
PI: RO
As-deformed
Oirectionally recrystallised
Vickers hardness
Pre-annealed at 550°C for 90 hours and 10 days
Partial directionally recrystallised
Parallel to the rolling direction
Peak temperature
partially recrystallised
. .
Recrystallised with an equiaxed grain structure.
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Table 7.2a. Microstructure and Vickers hardness data obtained for Inconel alloy MA957, after zone-annealing at 1150 0C in the as-received
condition and after annealing at 550°C for 90 hrs and 10 days. Hardnesses measured in the as-received condition and after annealing were
410,378 and 376 HVN(lOkg) respectively.
TpoC Specimen Specimen TravelSpeed mm/min Hardness VickersHVN(10kg) Mean Hardness VickersHVN(1 Okg)
Condition 0.8 1.4 3.2 5.0 0.8 1.4 3.2 5.0 0.8 1.4 3.2 5.0
1150 PI:RD 0 0 0 0 366 366 387 366 374 372 389 371
as-received 373 370 387 373
condition 380 373 394 373
373 376 390 376
376 373 387 366
1150 Pre-Ald 0 0 0 0 360 354 363 357 367 368 364 363
at550°C 363 366 366 360
for90 hrs 370 376 363 360
373 376 370 370
370 366 360 370
1150 Pre-Ald 0 0 0 0 363 357 354 366 365 358 357 368
at550°C 366 357 345 370
for10 days 366 360 363 370
363 360 360 366
366 357 354 366
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Table 7.2b. Microstructure and Vickers hardness data obtained for Inconel alloy MA957, after zone-annealing at 12500C in the as-received
condition and after annealing at 550°C for 90 hrs and 10 days. Hardnesses measured in the as-received condition and after annealing were
410,378 and 376 HVN(lOkg) respectively.
TpoC Specimen Specimen Travel Speed mmlmin Hardness Vickers HVN(1Okg) Mean Hardness Vickers HVN(10kg)
Condition 0.2 0.4 0.8 1.4 3.2 5.0 0.2 0.4 0.8 1.4 3.2 5.0 0.2 0.4 0.8 1.4 3.2 5.0
1250 PI:RO OX POX POX POX PX 0 168 178 172 176 317 312 178 261 252 301 303 314
as-received 177 192 170 325 325 314
condition 205 315 306 354 357 317
171 312 306 333 327 314
171 309 306 330 181 312
1250 Pre-Ald POX POX POX 0 0 0 167 309 312 299 294 306 227 298 322 312 306 312
at550°C 170 312 319 315 304 312
for 90 hrs 205 306 330 319 315 317
294 309 325 312 309 315
299 254 322 315 309 312
1250 Pre-Ald OX POX 0 0 0 0 165 285 294 319 327 322 217 304 306 331 324 329
at 550°C 168 306 304 333 325 336
for 10days 309 317 309 345 327 348
272 315 306 330 322 322
170 309 306 327 319 315
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Table 7.2c. Microstructure and Vickers hardness data obtained for Inconel alloy MA957, after zone-annealing at 1350QC in the as-received
condition and after annealing at 550 QC for 90 hrs and 10 days. Hardnesses measured in the as-received condition and after annealing were
410,378 and 376 HVN(lOkg) respectively.
TpoC Specimen Specimen Travel Speed mm/min Hardness VickersHVN(10kg) Mean Hardness VickersHVN(10kg)
Condition 0.8 1.4 3.2 5.0 7.7 10.0 0.8 1.4 3.2 5.0 7.7 10.0 0.8 1.4 3.2 5.0 7.7 10.0
1350 PI:RO OX OX OX OX PDX PX 159 161 160 166 170 260 161 164 167 167 201 293
as-received 163 165 166 170 197 302
condition 157 165 167 171 235 304
168 160 170 167 212 299
160 170 170 160 193 302
1350 Pre-Ald OX OX OX OX POX PX 154 156 162 173 167 272 158 156 171 171 193 265
at 550°C 157 154 175 172 170 294
for90 hrs 157 152 167 166 289 304
159 165 182 177 173 287
161 160 167 166 167 166
1350 Pre-Ald DX OX OX OX POX PX 158 166 167 168 160 161 165 176 173 166 167 167
at 550°C 177 192 169 159 164 167
for 10 days 165 177 197 170 162 181
166 177 164 167 180 162
159 169 170 164 169 166
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7.4 Isothermal Annealing of ODS Alloy MA957
Isothermal annealing experiments were also performed on MA957, using conventional resistance
furnaces set at temperatures ranging from 1160 to 1360°C. The annealing time was initially 900
seconds, the time period being doubled for each successive heat treatment, to a maximum of 57600
seconds. The hardnesses (HVN) data for the annealed samples are listed in Table 7.3 and illustrated
in figure 7.17.
Figure 7.18 shows the microstructure after each successive annealing treatment at 1160°C. Even
for the maximum annealing time (57600 seconds), the microstructure does not seem to have altered
at all, consistent with the corresponding high hardness values (Table 7.3).
As the isothermal annealing temperature was raised to 1260°C the material was found to
recrystallise but the longer incubation time was observed compared with zone annealing at almost
same peak temperature (Tp = 1250°C). Figure 7.19 and 7.3 illustrate such an observation. The
reason why the specimens tend to recrystallise in shorter period of time during zone annealing may
be because regions outside the hot zone do not undergo recovery as the recrystallisation front
progresses. During isothermal annealing on the other hand, all regions are at the annealing
temperature and may undergo a larger degree of recovery prior to recrystallisation.
Even after 7200 seconds at 1260°C, it was possible to find regions of unrecrystallised
microstructure, and prolonged annealing resulted in the formation of recognisable regions of
recrystallised equiaxed grains. The specimens were not found to be fully recrystallised even after
isothermal annealing at 1260°C for 57600 seconds. It seems that much more longer time is required
to obtain fully recrystallised grain structure at 1260°C during isothermal annealing when compared
with zone annealing.
At relatively higher annealing temperatures (1360°C) specimens were found to directionally
recrystallise during conventional annealing treatment (figure 7.20a-d), and the hardness results (Table
7.2c) from those samples are found to be in good agreement with the microstructural observations.
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Table 7.3. Hardness (HVN) data obtained after isothermal annealing of MA957 at different
temperatures and for a variety of time periods.
Temperature
QC 900
Annealing time inseconds
1800 3600 7200 14400 28800 57600
Hardness HVN(10kg)
1160 381
381
381
381
388
379
394
396
394
378
362
362
367
365
362
358
360
362
362
360
353
353
356
356
356
351
353
358
353
353
339
341
341
341
339
Mean hardness values
382 388 364 360 355 354 340
1260 379 386 353 329 313 312 289
379 388 360 329 315 308 319
379 396 362 327 313 312 313
381 394 360 329 317 315 315
379 386 353 325 313 315 312
Mean hardness values
379 384 258 328 314 312 310
1360 162 181 154 157 166 169 160
298 286 155 157 162 168 157
329 312 158 157 164 167 160
291 172 169 150 169 163 165
282 169 166 157 178 166 159
Mean hardness values
272 224 160 156 168 167 160
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7.5 Conclusions
It appears that alloy MA957 has tendency to directionally recrystallise upon heating in a
temperature gradient. The directional recrystallisation behaviour seems to be effectively influenced
by the amount of deformation applied prior to application of any heat treatment.
The oxide particles were found to be aligned by the grain boundary traces, although the tendency
for alignment appeared to be less thM in alloy MA956.
It was possible to approximately rationalise the behaviour of the alloy during anisothermal
annealing using concept of "kinetic strength", and the effective activation energy was measured and
found to be very large when compared with that of self diffusion in iron. The value of activation
energy measured was also found to be larger than that for alloy MA956, perhaps because of the
more isotropic dispersion of particles in MA957.
Columnar grains with an appearance of cast ingot type grain structure were sometimes observed,
an effect which was thought to be due to dominance of grains growing from the surface of the
sample during zone annealing. It is found possible to reduce this effect by pre-annealing at lower
temperatures prior to zone annealing.
A microstructure consisted of equiaxed grains was observed after isothermal annealing at
relatively lower temperature but at high temperatures the alloy exhibited directionally recrystallised
grain structure. It seems that the higher amount of energy stored due to degree of deformation, boost
the growth of grains along the rolling direction.
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Figure 7.1. Transmission electron micrograph reveals the microstructure of alloy MA957 in the as-
received condition.
a. Slightly anisotropic grain structure in a thin foil prepared from the transverse
section of the hot rolled bar of MA957 in as-received condition.
b. Micrograph showing a highly elongated grain structure containing a high
dislocation density in the longitudinal section of the as-received MA957 bar.
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Figure 7.2. Light optical micrographs taken from the samples zone annealed at Tp = l150°C.
Micrographs a and b are from samples zone annealed in the as-received condition at specimen travel
speeds of 0.8 and 5.0 mm/min respectively. Micrographs c and d are taken from the samples zone
annealed after pre-annealing at 550°C for 90 hours, with specimen travel speeds of 0.8 and 5.0
mm/min respectively. Micrographs e and f are taken from the samples zone annealed after pre-
annealing at 550°C for 10 days, with specimen travel speeds of 0.8 and 5.0 mm/min respectively.
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Figure 7.3 Optical micrographs showing the microstructure observed from the samples zone
annealed at Tp = 1250°C, in the as-received condition at the specimen travel speeds as given
below,
a. 0.2 mm/min
c. 0.8 mm/min
e. 3.2 mm/min
b. 0.4 mm/min
d. 1.4 mm/min
f. 5.0 mm/min
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Figure 7.4. Transmission electron micrograph reveals deformed microstructure of the sample zone
annealed in the as-received condition at Tp = 1250°C with a specimen travel speed of 5.0 mm/min.
Micrograph taken from the longitudinal section of the sample.
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FigL'"e 7.5. Optical micrographs showing the microstructure taken after zone annealing samples in
the as-received condition at Tp = l350°C, at the specimen travel speeds as given below:
a. 0.8 mm/m in b. lA mm/min
c. 3.2 mm/min
e. 7.7 mm/min
d. 5.0 mm/min
f. 10.0 mm/m in
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Figure 7.6. Optical micrographs taken from the samples zone annealed at Tp = 1250°C after pre-
annealing at 550°C for 90 hours. The samples zone annealed with the specimen travel speeds as
follows:
a. 0.2 mm/min
c. 0.8 mm/min
b. 0.4 mm/min
d. 1.4 mm/min
More samples have been zone annealed with the specimen travel speeds ranging up to 5.0 mm/min.
Since the samples revealed as-defonned microstructure as shown for (d). So it was not felt necessary
to show the micrographs recorded from those specimens.
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Figure 7.7. Optical micrographs taken from the samples zone annealed at Tp = 1250°C after pre-
annealing at 550°C for 10 days. The specimen travel speed~ are:
a. 0.2 mm/min
b. 0.4 mm/min
c. 0.8 mm/min
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Figure 7.8. Optical micrographs taken from the samples zone annealed at Tp = 1350°C after pre-
annealing at 550°C for 90 hours. The specimen travel speeds are:
a. 0.8 mm/min
C. 3.2 mm/min
e. 7.7 mm/min.
b. 1.4 mm/min
d. 5.0 mm/min
f. 10.0 mm/min.
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Figure 7.9. Optical micrographs taken from the samples zone annealed at Tp = l350°C after pre-
annealing at 550°C for 10 days. The specimen travel speeds are:
a. 0.8 mm/min
c. 3.2 mm/min
e. 7.7 mm/min
b. lA mm/min
d. 5.0 mm/min
f. 10.0 mm/min
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Figure 7.10. Transmission electron micrograph a thin foil, prepared from the longitudinal section of
the sample zone annealed at 1250°C (0.2 mm/min).
There is clearly some indication of particle alignment along the working direction (= indicated
by the grain boundary trace) although the extent of alignment is not as high as in alloy MA956.
163
0.5 pIn I
Figure 7.11. Transmission electron micrograph showing particles on the grain boundary. The
micrograph was taken from a thin foil prepared from a longitudinal section of the sample zone
annealed at 1250°C (0.2 mm/min).
Figure 7.12. The hindrance of grain boundary motion by particles. The transmission electron
micrograph was taken using a thin foil prepared from the longitudinal section of specimen zone
annealed at 1250°C (0.2 mm/min).
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Figure 7.13. Transmission electron micrograph showing an unrecrystallised region between two fully
. . .
recrystallised columnar grains of aDS alloy MA957. The micrograph is of a thin foil prepared from
the lO::lgitudinal section of the sample zone annealed at l350°C (3.2 mm/min).
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Figure 7.14(i). Temperature (0C) versus time (seconds) profiles, for samples of aDS alloy MA957,
which were zone annealed (A) in the as-received condition, (B & C) after pre-annealing at
550°C for 90 hours and 10 days respectively, at Tp = 1150°C.
Figure Tp Profiles Specimen travel speeds mm/min.
7.14iA. 1150°C a - d 0.8, 104,3.2 and 5.0
7.14iB.
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a-d
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0.8, lA, 3.2 and 5.0
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Figure 7.14(ii). Temperature (0C) versus time (seconds) profiles, for samples of aDS alloy MA957,
which were zone annealed (A) in the as-received condition, (B & C) after pre-annealing at
550°C for 90 hours and 10 days respectively, at Tp = 1250°C.
Figure Tp Profiles Specimen travel speeds mm/min.
7.14iiA. 1250°C a - f 0.2, 0.4, 0.8, 1.4, 3.2 and 5.0
7.14iiB.
7.14iiC.
a - f
a - f
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Figure 7.l4(iii). Temperature (0C) versus time (seconds) profiles, for samples of aDS alloy MA957,
which were zone annealed (A) in the as-received condition, CB & C) after pre-annealing at
550°C for 90 hours and 10 days respectively, at Tp = 1350°C.
Figure Tp Profiles Specimen travel speeds mm/min.
7.14iiiA. 1350°C a - f 0.8, 1.4, 3.2, 5.0, 7.7 and 10.0
7.l4iiiB.
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a - f
a - f
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Figure 7.15(i). Showing the variation of kinetic strength exp(-Q/RT) versus time in seconds, where
the value of Q = 654257 J mol-I. Graphs A - C are for the specimens zone annealed in the as-
received condition, after pre-annealing at 550°C for 90 hours and 10 days respectively.
Figure Tp Profiles Specimen travel speeds mm/min.
7.15iA. 1150°C a - d 0.8, 1.4, 3.2 and 5.0
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169
s.eE:-IS
A S.eE-lS B
b a
c c
4.2E-15 4.e::-15e
d b
;::: 3.e~-15 d ;::: 3.0::-15
c:: c:: e"- "-a 0 fI I
~
.VE-15 ~Q Q 2.0E-15
1.0E-IS 1.0E-15
0.2E .•.ez 0.0E+0a
lee0 20021 30021 400e 5000 •••• 700e 1000 20e0 ,... •••• 500e hae0
Time. Seconds Time. Seconds
5.eE-15
C
e b a
4.0::-15 d
;::: 3.0::-15
c::
"-a CI
~
2.0E-15Q
1.0E-15
0.0E+0e
1000 2000 ,oo. "0130 soo. h000
Time. Seconds
Figure 7.l5(ii). Showing the variation of kinetic strength exp(-Q/Rn versus time in seconds, where
the value of Q = 654257 J mol-I. Graphs A - C are for the speci~ens zone annealed in the as-
received condition, after pre-annealing at 550°C for 90 hours and 10 days respectively.
Figure Tp Profiles Specimen travel speeds mm/min.
7.l5iiA. 1250°C a - f 0.2, 004, 0.8, lA, 3.2 and 5.0
7.l5iiB. 1250°C a - f 0.2, 004, 0.8, lA, 3.2 and 5.0
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Figure 7.15(iii). Showing the variation of kinetic strength exp(-QIRT) versus time in seconds, where
. .
the value of Q = 654257 J mol-I. Graphs A - C are for the specimens zone annealed in the as-
received condition, after pre-annealing at 550°C for 90 hours and 10 days respectively.
Figure Tp Profiles Specimen travel speeds mm/min.
7.15iiiA. 1350°C a - f 0.8, 1.4, 3.2, 5.0, 7.7 and 10.0
7.15iiiB. 1350°C a - f 0.8, 1.4, 3.2, 5.0, 7.7 and 10.0
7.15iiiC. 1350°C a - f 0.8, 1.4, 3.2, 5.0, 7.7 and 10.0
171
b. llSO C
c. 11SOC
a.1150C 3.0e-225.0e-22 5.0e-22
.; 4.0e-22 .; 4.0e-22
~ ~
-2 2.0e-22
0
3.0e-22 3.0e-22 ~
c:i c:i c:iG. 2.0e-22 G. 2.0e-22 G. 1.0e-22!! ,g !!.5 1.0e-22 1.0e-22 .5
0.0e<{)
0.0e<{) 0.0e<{)
3.0 4.0 5.0 6.06.0 0.0 1.0 2.00.0 1.0 2.0 3.0 4.0 5.0 6.0 0.0 1.0 2.0 3.0 4.0 5.0
Velocity rrun/min. Velocity rrun/min.
Velocity rnm'min.
d.12SOC e.12SOC f. I2SO C
5.0e-20 3.0e-20 6.0e-20
.; 4.0e-20 (4 S'JI>reaysta1lised) 5.0e-20
1 .;is 2.0e-20 c 4.0e-20~ 3.0e-20 ~c:i c:i c:i 3.0e-20
~ 2.0e-20 G. I 0e-20 G. 2 0e-20.5 " .!! . .51.0e-20 PX 0 .5 1.0e-20
0.0e<{) 0.0e<{) 0.0e<{)
0.0 2.0 4.0 6.0 8.0 10.0 12.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0
Velocity rrun/min. Velocity rrun/min. Velocity rrun/min.
3.0e-19
g. 1350 C h.I3SOC i.13SOC
4.0e-19 3.0e-19
OX
12.0e-19 -g 3.0e-19 .; (99'Jl, r=ysWliscd)c 2.0e-19~ ~
c:i c:i 2.0e-19 c:ii 1.0e-19 G. ox ~ 1.0e-19!l.5 .5 1.0e-19 ox ox .5 ox
px (84'J1>l<Cl}'Slallised)
0.0e<{) 0.0e<{) pox px 0.0e<{) pox px
0.0 2.0 4.0 6.0 8.0 10.0 12.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0
Velocity rrun/min. Velocity rrun/min. Velocity rrun/min.
Figure 7.16. Showing the graphs plotted for integral D, seconds versus velocity mm/min. D (area
under the curve) calculated with measured value of Q (i.e., 654257 J mo!"I).
Graphs
a, d & g
b, e & h
c, f &i
specimen condition
zone annealed in as-received condition
zone annealed after pre-annealing at 550°C for 90 hours
zone annealed after pre-annealing at 550°C for 10 days.
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Figure 7.17. Graph showing the variation in hardness HVN(lOkg) versus time in seconds after
isothermal annealing MA957 at temperatures ranging from 1160 to 1360°C.
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Figure 7.18. Optical micrographs illustrating the microstructure recorded after isothermal annealing
at 1160°C for:
a. 900 seconds
c. 14400 seconds
b. 3600 seconds
d. 57600 seconds
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Figure 7.19. Micrographs showing the microstructure observed after isothermal annealing MA957 at
1260°C for:
a. 7200 seconds
c. 28800 seconds
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Figure 7.20. Showing the micrographs taken after isothermal annealing specimens of alloy MA957
at 1360°C for:
a. 3600 seconds
c. 14400 seconds
c. 57600 seconds
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Figure 7.21. Optical micrograph representing the partially recrystallised region from the sample
isothermally annealed at 1350°C for 3600 seconds (also see figure 7.20a).
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CHAPTER EIGHT
General Comments and Suggestions for Further Work
From an investigation of a whole series of oxide dispersion strengthened alloys, it is evident that
a highly anisotropic grain structure can be achieved either by directional recrystallisation of a "cold-
deformed" microstructure, or by directional grain growth (secondary recrystallisation) in an ultra fine
grained microstructure generated by primary recrystallisation. In the latter case, the process is more
amenable to control since the driving force is lower. In cases where the particle distribution is
anisotropic, directional recrystallisation could be achieved even during isothermal annealing, but the
direction of recrystallisation was found to be impossible to control.
The behaviour of all the alloys could be rationalised in terms of their starting microstructure and
processing conditions. Furthermore, the zone annealing conditions could be broadly rationalised in
terms of the concept of kinetic strength, although much further work is needed to interpret
parameters such as the activation energy.
There are some exciting possibilities in the design of such alloys. It would be interesting
deliberately create highly anisotropic and controlled particle dispersions to induce directional
recrystallisation or grain growth along particular desired path. A further modification could include
particles which are not only aligned, but which are themselves anisotropic (e.g., plate shaped),
thereby giving an anisotropic pinning effect
From a theoretical point of view, it is necessary to further develop the concept of kinetic strength
to include its dependence on stored energy, but this will require the availability of a good high
temperature differential scanning calorimeter.
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APPENDIX ONE
Zone Annealing and Isothermal Annealing Experiments Performed on
Rapidly Solidified AIUlniniUlTI Alloys Al-5 and AI-I5
9.1 Introduction
The first attempts to produce directional recrystallisation were actually made on the alloys
discussed below, but they did not turn out to be very successful. Some useful results were
nevertheless obtained and are documented below.
Aluminium alloys are currently being developed, using the concepts of rapid solidification
technology (RST), for applications to temperatures as high as 350°C (Thomas et al., 1986).
The applications of rapid solidification technology to aluminium alloys has led to two important
developments: firstly, the achievement of a highly refined microstructure, elimination of coarse
intermetallics and improved tolerance to impurity elements; and secondly, a large increase in the
range and quantity of alloying elements which can be used in solid solutions (Couper, 1984).
With the aim of obtaining more data for the model of directional recrystallisation, zone annealing
and isothennal annealing experiments were also performed on the low density aluminium alloys
produced by rapid solidification technology, designated as Al-5 (Al-4.82Cr-1.40Zr-1.4lMn wt%, air-
atomised) and Al-lS (Al-5.20Cr-1.89Zr-0.96Mn \1,1%, nitrogen-atomised). The chromium and
zirconium additions, which are forced into solution by rapid solidification, lead eventually to the
formation of highly stable intermetallics, giving a system with a large fraction of precipitated
dispersoids. The work presented below is however, incomplete, since enormous difficulties were
encountered in thin foil preparation and achieving high temperature gradients.
9.2 Zone Annealing
The specimens were prepared by swaging the alloys down to a 3 mm diameter rod at ambient
temperature. After cold working, the specimens were finally cut to 20 mm lengths. To observe the
changes in properties, hardness measurements were made in the as-received condition and after
deformation. The hardness measured for alloy AI-5 prior to and after deformation turned out as 40
and 106 HYN(5kg) respectively and for alloy AI-IS as 65 and 117 HYN(5kg) respectively. The
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light microscope and transmission electron micrographs taken for the as-received condition and after
deformation are shown in figures 9.1-3 and are consistent with the hardness results stated above.
From the figure 9.1 a and c, it can be seen that, the alloy AI-5 has a coarse grain structure in the
as-received condition relative to alloy AI-I5, The starting grain size is in these materials determined
by the atomisation process; the finer particle size and higher chromium and zirconium contents of
AI-I5 are consistent with the higher hardness of this alloy when compared with AI-5 before and
after deformation. Figures 9.1-3 illustrate the severe change in microstructure due to defolmation.
The as-received samples seem to contain a non-random distribution of particles with an expected
higher particle density in AI-I5.
The temperature cycle experienced at a point on the specimen, for different speeds, from 1.4
mm/m in , 3.2 mm/min and 5.0 mm/min, and for different peak temperatures ranging from 200 to
600°C are shown in figure 9.4.
The effect of the zone annealing treatments on the deformed samples is shown in figure 9.5.
Zone annealing with Tp = 200°C (TP is the peak temperature) produced no significant change
relative to the grain structure shown in longitudinal section. From the high hardness values (Table
9.1 a), it is quite clear that for Tp at or below 200°C, the zone annealing treatment does not
significantly influencing the microstructure of alloy AI-5. But for the same alloy zone annealing at
Tp = 600°C a remarkable change is apparent, accompanied by a large drop in hardness (figure 9.5).
The grains are elongated their very low hardness is encouraging since it indicates directional
recrystallisation, although the microstructure could in principle be produced by recovery on its own;
much further confirmation is required. Optical micrographs for alloy AI-I5 (figure 9.6), zone
annealed with Tp = 200 and 600°(:, illustrate significant changes in grain structure, even for Tp =
200°C, consistent with the lower fraction of dispersoids.
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Table 9.1a. Microstructure and Vickers hardness data obtained for Alloy AI-5, after zone-annealing at 200, 300
and 400 DC with different specimen travel speeds. Hardnesses measured in the as-received condition and after
deformation (an 70% reduction by cold-swaging) were 38 and 106 HVN(5kg) respectively.
TpoC Specimen Specimen TravelSpeed mmlmin Hardness VickersHVN(5kg) Mean Hardness VickersHVN(5kg)
Condition 1.4 3.2 5.0 1.4 3.2 5.0 1.4 3.2 5.0
200 PI:SD 0 0 D 102 96 107 102 102 106
102 103 107
102 103 106
101 105 105
101 104 104
300 PI:SD 0 0 0 102 102 101 81 101 100
101 102 100
99 100 102
97 102 102
97 99 97
400 PI:SD 0 0 0 100 102 100 100 103 101
102 104 103
100 102 102
100 105 101
100 100 101
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Table 9.1a. Microstructure and Vickers hardness data obtained for Alloy AI-5, after zone-annealing at
500 and 600 QC with different specimen travel speeds.
TpoC Specimen Specimen Travel Speed mm/min Hardness Vickers HVN(5kg) Mean Hardness Vickers HVN(5kg)
Condition 1.4 3.2 5.0 1.4 3.2 5.0 1.4 3.2 5.0
500 PI:SD D D D 66 88 89 71 87 86
72 87 89
75 86 88
71 86 82
73 87 82
600 PI:SD D D D 43 70 61 52 71 62
52 71 63
52 70 69
60 73 67
54 72 49
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Table 9.1b. Microstructure and Vickers hardness data obtained for Alloy AI-I5, after zone-annealing at 200,300
and 400 DC with different specimen travel speeds. Hardnesses measured in the as-received condition and after
deformation (an 70% reduction by cold-swaging) were 65 and 113 HVN(5kg) respectively.
TpoC Specimen Specimen TravelSpeed mmlmin Hardness VickersHVN(5kg) Mean Hardness VickersHVN(5kg)
Condition 1.4 3.2 5.0 1.4 3.2 5.0 1.4 3.2 5.0
200 PI:SD D D D 104 107 107 106 108 108
107 109 108
107 109 108
106 108 109
103 105 107
300 PI:SD D D D 104 103 104 83 103 104
104 104 105
104 104 104
104 102 106
91 104 91
400 PI:SD D D D 110 105 109 108 108 109
109 113 112
108 114 110
108 112 114
105 194 98
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Table 9.1b. Microstructure and Vickers hardness data obtained for Alloy Al~15, after zone-annealing at
500 and 600 QCwith different specimen travel speeds.
TpoC Specimen Specimen Travel Speed mmlmin Hardness Vickers HVN(5kg) Mean Hardness Vickers HVN(5kg)
Condition 1.4 3.2 5.0 1.4 3.2 5.0 1.4 3.2 5.0
500 PI:SD D D D 95 107 111 97 108 111
100 109 113
100 110 110
100 108 112
92 108 110
600 PI:SD D D D 88 94 93 88 91 91
88 95 90
89 93 91
86 87 91
88 87 90
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9.3 Isothermal Annealing
Isothennal annealing experiments were perfonned on both AI-5 and AI-15, using conventional
furnaces. The specimens were annealed at temperatures ranging from 200 to 550°C, at 50°C
intervals. They were kept in furnaces for a total time of 3687200 seconds; the first specimen was
annealed for 900 seconds, and the time at temperature was doubled for each successive sample. The
hardness data are listed in Table 9.2a-b.
An aim of these experiments was to see whether the hardness changes during isothennal
annealing could be rationalised using a simple Avrami approach, in which case it might be possible
to subsequently rationalise changes during anisothennal annealing. We first define ~ as a function
representating recovery or recrystallisation
~ = (Hmax - H) / (Hmax - Hmin) .....(9.1)
where
H = hardness of the material at any instant of time,
Hmax = maximum hardness of specimen after defonnation,
Hmin = minimum hardness of specimen after annealing,
~ = I, when the specimen is fully annealed,
~ = 0, when the specimen is in defonned condition.
Therefore ~ = f{ t , T }, and T = absolute temperature.
Until the detailed microstructural studies give infonnation about the mechanism of change in
hardness, an Avrami (1939,40 & 41) relation is assumed for the analysis of isothennal curves;
~ = 1 - exp {-ktn} .....(9.2)
where
n =
k =
Q =
exponent
rate constant = ko exp ( - Q/RT)
activation energy for the recovery or recrystallisation processes.
The relation is intuitively expected to be correct if for example recrystallisation governs hardness
changes. Rearranging equation 9.2. we get
In (1 - ~) = -ktn .....(9.3)
and finally we get,
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In [ - In (1 - ~)] = Ink + n Int
where the slope of graph is equal to n and the intercept = Ink.
..... (9.4)
Many graphs have been plotted in the above fonn, for different temperatures ranging from 200 to
500°C, as shown in figures 9.7 and 8. From figures 9.7 and 8, it can be seen that, at low
temperatures ranging from 200 to 500°C, the hardness results measured for the isothermally
annealed specimens of both the aluminium alloys AI-5 and AI-I5, are less well behaved, when
compared with the higher temperature data in figure 9.7 and 8, where the data fit the Avrami
relation. It was not possible to find unique values of the Avrami parameters to adequately represent
all data, indicating that equation 9.4 is invalid and that the approach needs modification after
detailed studies of the changes occuring during annealing.
From the hardness results listed in Table 9.2a-b, it can be seen that on annealing the specimens
at relatively low temperatures the hardness increases after annealing for 7200 seconds. This increase
in hardness was detected even at longer times, but at the temperatures ranging from 300 to 350°C,
only a very slight increase in hardness was obtained. At high temperatures ranging from 500 to
550°C, a continuous decrease in hardness was recorded, finally reaching the hardness of the material
measured in the as-received condition. This increase in hardness at low temperatures was observed
for both aluminium alloys AI-5 and AI-I5, and is presumably due to precipitation induced age
hardening as reported by Miller et al., (1985): the hardness results observed are graphically shown
in figure 9.9.
Optical micrography (figures 9.10 & 9.11) revealed no significant change in microstructure at low
annealing temperatures. In figure 9.11, micrographs are illustrated for alloys AI-5 and AI-IS,
annealed at high temperature (Le., 550°C). The hardness measured at high temperatures, even after
short time treatment was rather low, and an obvious change in microstructure is apparent, which can
be seen from figure 9.11 a-c, where the grains are elongated even though the hardness has dropped
drastically. As noted earlier, this may indicate directional recrystallisation but this needs to be
confirmed using transmission electron microscope.
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Table 9.2a. Hardness data obtained for aluminium alloy Al-5 after isothermally annealing at 200, 250, 300 and 350 DC,
for the time periods ranging from 900 to 3687200 seconds.
T Qc ANNEALING TIME INSECONDSP 900 1800 3600 7200 14400 28800 57600 115200 230400 460800 921600 1843200 3687200
HARDNESS HVN (5kg)
200 113 117 109 99 98 95 102 104 98 98 95 110 109
113 114 103 98 97 98 104 103 100 97 97 112 110
113 113 103 102 98 100 102 106 97 95 96 112 111
112 113 104 100 100 100 102 104 98 97 98 112 112
114 113 104 97 99 97 93 102 98 94 96 112 110
MEAN HARDNESS HVN (5kg)
113 114 105 99 98 98 101 104 98 96 97 112 110
---------------------------------------------------------------------------------------
250 114 112 111 118 124 124 118 117 125 114 113 114 111
115 111 105 124 127 125 119 120 126 117 118 114 111
112 110 111 124 128 124 120 125 127 116 117 114 113
111 107 111 124 128 124 120 123 124 115 117 115 112
107 109 109 117 124 110 118 119 107 115 114 115 110
MEAN HARDNESS HVN(5kg)
112 110 109 121 126 121 119 121 122 115 116 114 111
-------------------------------------------------------------------------------------
300 111 103 106 98 102 98 97 99 98 111 116 117 113
108 103 108 98 100 98 98 96 96 114 118 116 114
101 101 110 98 100 95 100 95 100 115 115 117 113
103 102 110 100 102 97 102 99 98 119 115 116 112
102 100 110 100 100 95 97 96 95 124 110 116 112
MEAN HARDNESS HVN(5kg)
105 102 109 99 101 97 99 97 98 117 115 116 113
-------------------------------------------------------------------------------------------
350 93 98 104 101 96 92 93 91 91 115 111 109 113
93 103 107 96 95 95 96 95 92 117 108 110 113
98 107 100 98 96 93 96 93 92 118 108 109 114
100 103 102 102 98 96 96 92 84 119 104 110 114
114 103 109 97 93 92 93 93 84 110 108 107 113
MEAN HARDNESS HVN(5kg)
100 103 104 99 96 93 95 93 88 116 108 109 113
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Table 9.2a. Hardness data obtained for aluminium alloy AI-5 after isothermally annealing at 400, 450, 500 and 550°C,
for the time periods ranging from 900 to 3687200 seconds.
TpoC ANNEALING TIME INSECONDS
900 1800 3600 7200 14400 28800 57600 115200 230400 460800 921600 1843200 3687200
HARDNESS HVN (5kg)
400 101 99 92 86 84 89 85 84 83 77 75 102 97
101 98 83 88 85 87 88 84 82 79 79 100 98
98 98 91 86 88 88 86 84 83 80 79 99 98
101 96 93 90 86 83 86 84 83 80 79 101 96
104 96 88 89 84 85 86 83 81 77 77 98 81
MEAN HARDNESS HVN (5kg)
101 97 89 88 85 86 86 83 82 79 78 100 94
----------------------------------------------------------------------------------------
450 87 76 80 75 77 75 73 71 68 66 64 90 84
86 79 83 77 78 75 74 72 67 64 65 91 87
89 77 80 78 78 78 74 68 65 61 64 89 87
90 78 81 80 79 76 74 69 68 59 66 89 88
80 83 83 76 78 76 75 64 67 57 60 89 85
MEAN HARDNESS HVN(5kg)
86 79 81 77 78 76 74 69 67 62 64 90 87---------------------------------------------------------------------------------------
500 78 70 75 68 58 65 63 63 61 43 50 72 72
77 74 73 67 60 67 63 62 62 53 53 72 74
79 74 73 68 65 68 64 60 59 49 53 72 74
78 77 73 67 64 64 65 61 60 52 48 72 74
78 73 70 68 64 66 66 55 55 52 43 72 73
MEAN HARDNESS HVN(5kg)
78 74 73 67 62 66 64 60 60 50 49 72 73
------------------------------------------------------------------------------------------
550 80 72 60 54 56 51 56 46 42 52 44
77 69 63 62 59 49 56 46 45 46 40
75 70 66 58 55 52 53 46 49 41 42
71 70 67 56 52 48 54 44 47 42 43
72 68 65 60 51 50 51 44 46 44 43
MEAN HARDNESS HVN(5kg)
75 70 64 58 54 50 54 45 46 45 42--------------------------------------------------------------------------------------
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Table 9.2b. Hardness data obtained for aluminium alloy AI-IS after isothermally annealing at 200,250,300 and 350 DC,
for the time periods ranging from 900 to 3687200 seconds.
TpoC ANNEALINGTIME INSECONDS
900 1800 3600 7200 14400 28800 57600 115200 230400 460800 921600 1843200 3687200
HARDNESS HVN (5kg)
200 108 117 115 107 102 109 108 104 108 108 111 110 108
113 119 116 110 107 110 108 109 108 107 112 109 113
114 117 114 111 107 110 110 109 104 107 114 110 111
112 117 113 110 107 110 109 104 100 107 110 110 110
112 117 113 109 107 107 107 104 103 103 109 108 110
MEAN HARDNESSHVN (5kg)
111 117 114 109 106 109 108 106 105 106 111 109 110--------------------------------------------------------------------------------------
250 110 112 113 110 107 102 107 110 110 131 125 109 109
111 111 113 108 107 107 110 110 110 132 133 110 110
110 112 114 108 107 107 110 108 110 131 135 110 112
110 113 113 107 107 103 110 109 109 130 134 109 111
112 113 113 106 107 100 110 109 107 123 132 99 113
MEAN HARDNESS HVN(5kg)
111 112 113 108 107 104 109 109 109 129 132 107 111--------------------------------------------------------------------------------------
300 119 113 117 104 108 113 109 110 110 132 132 109 113
116 113 116 104 110 114 108 110 112 138 138 110 112
116 113 114 104 110 113 106 111 113 137 138 107 117
117 116 114 104 110 111 109 110 111 137 139 107 113
109 116 114 105 114 115 107 109 107 136 136 108 105
MEAN HARDNESS HVN(5kg)
115 114 115 104 110 113 108 110 111 136 137 108 112--------------------------------------------------------------------------------------
350 113 117 117 113 107 113 110 113 112 133 124 107 113
112 118 116 112 110 115 113 113 114 135 133 107 115
113 115 117 112 111 110 112 112 115 132 131 106 114
113 116 119 110 110 114 114 110 114 134 131 106 114
115 117 118 111 110 115 111 99 110 126 127 107 113
MEAN HARDNESS HVN(5kg)
113 117 117 112 110 113 112 109 113 132 129 107 114
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Table 9.2b. Hardness data obtained for aluminium alloy AI-I5 after isothermally annealing at 400,450,500 and 550 DC,
for the time periods ranging from 900 to 3687200 seconds.
Tp°c ANNEALING TIME INSECONDS
900 1800 3600 7200 14400 28800 57600 115200 230400 460800 921600 1843200 3687200
HARDNESS HVN (5kg)
400 121 119 113 113 110 109 110 105 105 103 92 99 96
120 113 119 116 111 112 110 107 106 102 103 99 96
118 113 120 114 120 109 111 107 106 103 106 98 98
117 112 100 110 118 109 110 105 105 100 103 96 96
MEAN HARDNESS HVN (5kg)
119 113 113 114 115 110 110 106 105 102 102 98 97---------------------------------------------------------------------------------------
450 113 110 102 98 103 102 96 99 95 91 92 89 87
113 111 107 104 103 102 102 100 97 89 92 88 86
111 111 106 103 104 103 100 100 98 93 92 85 86
109 110 108 105 102 102 100 98 96 93 91 85 87
111 107 109 104 102 103 100 94 95 92 85 89 85
MEAN HARDNESS HVN(5kg)
111 110 106 103 103 102 100 98 96 91 90 87 86---------------------------------------------------------------------------------------
500 105 101 99 92 93 90 88 86 82 78 63 68 72
102 103 101 94 93 90 88 86 83 78 80 73 74
105 102 102 95 96 91 89 86 84 80 80 73 75
106 102 99 95 96 91 89 86 84 80 80 73 75
104 97 98 95 91 89 88 87 83 78 77 72 73
MEAN HARDNESS HVN(5kg)
104 101 100 94 93 90 89 86 83 78 76 72 73---------------------------------------------------------------------------------------
550 99 99 92 89 86 84 84 80 77 69 65
101 97 93 89 87 84 84 79 79 76 75
102 97 94 88 87 85 83 79 78 76 74
102 98 92 88 87 85 83 80 79 75 74
104 98 92 87 85 84 81 80 77 74 70
MEAN HARDNESS HVN(5kg)
102 98 93 88 86 84 83 80 78 74 71
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Figure 9.1. Optical micrographs showing the grain structure for aluminium alloys AI-S and AI-IS, in
the as-received condition and after deformation.
a. Transverse section of alloy AI-5, in the as-received condition.
b. Longitudinal section of alloy AI-S, after deformation.
c. Transverse section of alloy .-\l-IS, in the as-received condition.
d. Longitudinal section of alloy AI-IS, after deformation.
Note the relatively large partick size and inhomogeneous distribution of particles In AI-S, when
compared with AI-IS.
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aFigure 9.2. Transmission electron micrographs of rapidly solidified aluminium alloy AI-5.
a. Alloy AI-5, in the as-received condition, from the transverse section.
b. Alloy AI-5, after deformation, from the transverse section.
Note that the particles and phases, have not yet been characterised due to difficulties experienced
during foil preparation, which are either because of the polishing solution used or the voltage
applied.
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Figure 9.3. Transmission electron micrographs of rapidly solidified aluminium alloy AI-I5.
a. Alloy AI-15, in the as-received condition, from the transverse section.
b. Alloy AI-I5, after deformation, from the transverse section.
Note that the particles and phases, have not yet been characterised due to difficulties experienced
during foil preparation, which are either because of polishing solution used, or the voltage applied.
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Figure 9.4. Temperature profiles recorded during zone annealing
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Figure 9.5. Optical micrographs recorded from longitudinal sections after zone annealing alloy Al-5
with TP = 200 and 600°C, with different specimen travel speeds.
a. lA mm/min Tp =' 200°C, mean HV 106
b. 3,2 mm/min Tp = 200°C, mean HV 102
c. 5.0 mm/min Tp = 200°C, mean HV 102
d. 1.4 mm/min Tp = 600°C, mean HV 62
e. 3.2 mm/min Tp = 600°C, mean HV 71
f. 5.0 mm/min Tp = 600°C, mean HV 52
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Figure 9.6. Optical micrographs recorded from longitudinal sections after zone annealing alloy AI-IS
with TP = 200 and 600°C, with different specimen travel speeds.
a. lA mm/min Tp = 200°C, mean HV 108
b. 3.2 mm/min Tp = 200°C, mean HV 108
c. 5.0 mm/min Tp = 200°C, mean HV 105
d. lA mm/min Tp = 600°C, mean HV 91
e. 3.2 mm/min Tp = 600°C, mean HV 91
f. 5.0 mm/min Tp = 600°C, mean HV 87
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Figure 9.7. Graphs showing variation in hardness versus time in seconds. at temperatures ranging
from 200 to 550°C for alloy Al-5.
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at:
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Figure 9.10. Optical micrographs showing the change in microstructure for the aluminium alloys Al-
5 and AI-15, after isothennally annealing at 2000e for:
a. 900 s (Al-5),
b 3687200 s (Al-5).
c. 900 s (AI-15),
d. 3687200 s (AI-IS),
mean HV 113
mean HV 110
mean HV 112
mean HV 110
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Figure 9.11. Optical micrographs showing the change in microstructure for the aluminium alloys AI-
5 and AI-15, after isothermally annealing at 550°C for:
a. 900 s
b. 115200 s
c. 921600 s
(AI-5)
(Al-5)
(AI-5)
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d. 900 s
e. 115200 s
f. 921600 s
(AI-15)
(AI-15)
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APPENDIX TWO
Zone Annealing Experiments Performed on Commercial Aluminium
Alloys AA3003 and A120
10.1 Introduction
In this appendix, the results obtained after zone annealing two different kinds of aluminium
alloys designated AA3003 (AI-1.2Mn-0.7Fe-0.6Si-0.lCu-O.lZr wt%) and AI20 (AI-0.7Fe-1.25Cu-
0.95Mg-0.IZr-20SiC wt%) are discussed. These are both dispersion strengthened alloys.
10.2 Material
The aluminium alloy designated AA3003 was supplied by the AIcan International Ltd. Banbury
Laboratory U.K., in the form of cold-rolled sheet. The cold rolling was carried out from 25 mm to
approximately 3.5 mm (an 86% reduction). The aluminium alloy designated AI20 was supplied by
British Petroleum. The production details for the both aluminium alloys are given in chapter 3.
Keeping in mind, the influence of working direction on directional recrystallisation as observed
during zone annealing experiments on aDS nickel base superalloy (MA6000) and aDS ferritic
steels (MA965 and MA957), it was thought convenient to prepare the specimens (4 x 20 mm) along
the rolling direction. Most of the transmission electron and light optical microscopic studies
performed on the longitudinal sections or in other words, on the sections parallel to the rolling
direction.
AI20 was supplied in the form of bar, with the dimensions of 15 mm diameter and 1000 mm
long. It was cold-swaged down to 7.50 mm diameter rod (- 52% reduction) at ambient temperature.
After cold-working specimens were finally cut to a length of 20 mm, using a slitting disc. Since the
alloy AA3003 was supplied in the cold-rolled condition possessing a hardness value of 67
HVN(5kg), therefore no further deformation was applied. The hardness measurements were made in
the as-received condition and after deformation on AI-20 were turned out as 57 and 70 HVN(5kg)
respectively. The measured hardness values indicate that the amount of deformation applied to both
the aluminium alloys AA3003 and A120,has not significantly increased the hardness of these alloys.
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10.3 AA3003 • Zone Annealing Experiments
Optical and transmission electron microscopy (figure 10.1-2) showed the expected elongated grain
structure with a very low dislocation density. The particles were found randomly distributed in the
matrix. The observations suggest that the material underwent dynamic recovery during the rolling
operation.
The hardness from zone annealed samples are listed in Table lO.la and the optical micrographs
are shown in figure 10.3-5. An equiaxed grain structure was observed irrespective of the zone
annealing conditions applied. The hardness results measured after each successful zone annealing
experiments at the temperatures, are consistent with the microstructural observations.
From Table 10.1a, it can be seen that the increase in temperature from 430 to 630°C, has not
affected the microstructure at all.
The transmission electron microscopic studies revealed the effect of particles on the
recrystallisation behaviour of aluminium alloy AA3003. Figure 10.6 taken from a thin foil prepared
from the longitudinal section of the sample zone annealed at 430°C with a specimen travel speed of
0.2 mm/min., the figure shows the advancement of grain "A" towards grain "B" has been clearly
stopped by the particle on the interface between both the grains. Another example of the particle
pinning on the grain boundary is shown in figure 10.7. It is presumably the pinning effect which
prevents a directional microstructure.
10.4 Results Obtained After Zone Annealing Aluminium Alloy Al20
The microstructure observed prior to and after deformation is shown in figure 10.9. and the
corresponding hardness data are tabulated in Table 10.1b.
Optical micrographs shown in figures 10.10-12 reveal the microstructure of alloy Al20, after zone
annealing at 430, 500 and 630°C respectively, with a range of specimen travel speeds (0.8, 1.4, 3.2
and 5.0 mm/min). Any changes in grain structure are not obvious due to the very high volume
fraction of particles
10.5 Summary
After zone annealing, alloy AA3003 exhibited equiaxed microstructure, even when heat treated at
relatively higher temperature (630°C). A significant decrease in hardness was measured after
annealing at the range of temperatures suggesting a softening due to recrystallisation. From the
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transmission electron microscopic studies, particles were found to pin the advancing grain
boundaries, which could be a reason for the lack of directional grain growth during zone annealing.
After zone annealing, alloy A120 exhibited considerable influence of deformed structure and high
hardness values at a range of temperatures. From the microstructural observations and hardness data
obtained after annealing alloy Al20, it can be said that due to higher volume fraction of SiC
particles, the material cannot be easily recrystallised.
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Table 10.1a. Microstructure and Vickers hardness data obtained for Alloy AA3003, after zone-annealing at 430, 500
and 630 QCwith different specimen travel speeds. HV in the as-receieved condition was 67 HVN(5kg).
TpoC Specimen Specimen Travel speed mm/min HardnessVickers HVN(5kg) Mean Hardness Vickers HVN(5kg)
Condition 0.2 0.4 0.8 1.4 3.2 5.0 7.7 10.0 0.2 0.4 0.8 1.4 3.2 5.0 7.7 10.0 0.2 0.4 0.8 1.4 3.2 5.0 7.7 10.0
430 PI:RD X X X X X X X X 32 32 31 32 33 32 33 32 32 31 32 32 33 32 33 32
32 31 32 32 33 32 33 32
32 31 32 31 32 32 33 32
32 31 31 32 34 32 33 33
31 31 32 32 32 32 32 33
500 PI: RD X X X X X X X X 31 31 31 31 33 32 32 32 31 31 31 31 32 32 32 32
31 31 31 31 33 32 32 32
31 31 30 31 31 33 32 32
30 31 31 31 32 32 32 32
30 31 31 31 32 31 32 32
630 PI:RD X X X X X X X X 31 31 31 32 32 34 33 32 31 31 31 32 32 33 34 32
31 31 31 32 32 33 33 31
32 31 31 32 32 34 34 32
31 32 31 32 32 33 34 32
31 32 31 32 32 33 34 32
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Table 10.lb. Microstructure and Vickers hardness data obtained for aluminium alloy desginated as Al-20, after zone-annealing at
430, 500 and 630 QC with different specimen travel speeds. Hardnesses measured in the as-received condition and after
deformation (an 50% reduction by cold-swaging) were 57 and 70 HVN(5kg) respectively.
TpoC Specimen Specimen Travel Speed mmlmin Hardness VickersHVN(5kg) Mean Hardness VickersHVN(5kg)
Condition 0.8 1.4 3.2 5.0 0.8 1.4 3.2 5.0 0.8 1.4 3.2 5.0
430 Pl:SD D D D D 60 57 62 61 58 58 59 60
58 58 58 61
57 59 57 59
58 58 59 60
56 58 60 59
500 PI:SD D D D D 58 60 61 58 58 59 61 57
59 61 62 58
57 59 61 57
58 59 61 58
56 58 61 56
630 PI:SD D D D D 59 63 60 60 58 62 59 59
57 60 58 59
59 62 59 59
58 62 61 59
59 62 58 58
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Figure 10.1. The as-received optical microstructure of alloy AA3003.
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Figure 10.2. Transmission electron micrographs showing the microstructure of alloy AA3003 in the
as-received condition.
a. Represents the microstructure observed on a transverse section of sheet.
b. Represents the microstructure observed on a longitudinal section.
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Figure 10.3 Optical micrographs showing the equiaxed grain structure observed after zone annealing
alloy AA3003 at 430°C with following specimen travel speeds (mm/min):
A. 0.2 B. 0.4 C. 0.8 D. 1.4
E. 3.2 F. 5.0 G. 7.7 H. 10.0
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Figure 10.4. Optical micrographs taken after zone annealing alloy AA3003 at 500°C with following
specimen travel speeds (mm/min):
A. 0.2 B. 0.4 C. 0.8 D. 1.4
E.3.2 F. 5.0 G.7.7 H. 10.0
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Figure 10.5. Optical micrographs shows the equiaxed grain structure observed after zone annealing
alloy AA3003 at 630°C with following specimen travel speeds (mm/min):
A. 0.2 B. 0.4 C. 0.8 D. 1.4
E.3.2 F.5.0 G.7.7 H.1O.0
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Figure 10.6. Retardation of the advancement of grain "A" towards grain "B" by the particle pinning
on the interface (Z.A @ 430°C / 0.2 mm/min).
/-lID
Figure 10.7. Electron micrographs illustrates the pinning effect (Z.A @ 430°C /0.2 mm/min).
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Figure 10.8. Transmission electron micrograph shows a typical recrystallised region from the sample
zone annealed at 430°C with a specimen travel speed of 0.2 mm/min.
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Figure 10.9. Optical micrographs recorded for alloy Al20, shows the microstructure of the alloy
prior to and after deformation.
a) After deformation
b) As-received condition.
Note the relatively large particle size and inhomogeneous distribution of particles. when compared
with AA3003.
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Figure 10.10. Optical micrographs taken after zone annealing the samples of alloy A120
a) Z.A @ 430°C/ 0.8 mm/min.
b) Z.A @ 430°C/ 5.0 mm/min.
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Figure 10.11. Optical micrographs showing the microstructure of alloy A120 after zone annealing at
500°C with specimen travel speeds of (a) 0.8 mm/min and (b) 5.0 mm/min.
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Figure 10.12. Light optical micrographs recorded from the samples zone annealed at 630°C. Note
the significant influence of deformed structure even after zone annealing at relatively higher
temperature.
a) Z.A @ 630°C/ 0.8 mm/min.
b) Z.A @ 630°C/ 5.0 mm/min.
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APPENDIX THREE
C ******************************************************************************
C PROGRAM TO CALCULATE THE ACTIVATION ENERGY Q USING THE CONCEPT
OF KINETIC STRENGTH OF AN ANISOTHERMAL HEAT TREATMENT
C ******************************************************************************
IMPLICIT REAL*8 (A-H,K-Z)
DOUBLE PRECISION TE(2), X1(200),Y1(200),X2(200),Y2(200)
READ(5,*) 11
DO 10 1=1,11
READ (5, *) X1(I),Y1(I)
10 CONTINUE
READ (5, *) 12
DO 201=1,12
READ (5, *) X2(I),Y2(I)
20 CONTINUE
ACC=1.0D-5
Q1=257500.0D+00
Q2=Q1 *1.0000 1D+OO
100 CALL SUB 1 (Q1,Tl,Il,X1,Y1)
CALL SUB1 (Q1,T2,I2,X2,Y2)
TE(l)=T1
TE(2)=T2
F1=FUN(Q1,TE)
CALL SUB1 (Q2,T1,Il,X1,Y1)
CALL SUB1 (Q2,T2,12,X2,Y2)
TE(l)=T1
TE(2)=T2
F2=FUN(Q2,TE)
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IF(DABS(F2) .LT. ACC) GOTO 300
NEW=Q2-F2/(F2- F1 )*(Q2-Q 1)
WRITE(6,*) 'F1,F2,Q=' ,F1,F2,NEW
Q1=Q2
Q2=NEW
. GOTO 100
300 WRITE(6,99) Q2,F2
99 FORMAT(1H ,'Q-VALUE=',D16.8,' ACC=',D12.4)
STOP
END
C ******************************************************************************
SUBROUTINE SUB 1(Q,T ,I1,X,Y)
IMPLICIT REAL*8(A-H,K-Z)
DOUBLE PRECISION X(200),Y(200),A(200)
EXTERNAL DOIGAF
DO 10 I=l,I1
A(I)=EXP( -Q/(8.3143D+00*(Y(I)+ 273.0D+00»)
10 CONTINUE
IFAIL = 1
CALL DOIGAF(X,A,I1,ANS,ERROR,IFAIL)
IF (IFAIL.GT.O) THEN
IF (IFAIL.EQ.l) WRITE (6,99998)
IF (IFAIL.EQ.2) WRITE (6,99997)
IF (IFAIL.EQ.3) WRITE (6,99996)
ENDIF
D=ANS
TIME=X(I1)
T=-Q/8.3143D+00*DLOG(DffIME)
WRITE(6,*) 'DE,TE =',D,T
C
99998 FORMAT (I' LESS THAN 4 POINTS SUPPLIED')
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99997 FOMAT (j' POINTS NOT IN INCREASING OR DECREASING ORDER')
99996 FORMAT (j' POINTS NOT ALL DISTINCf')
99994 FORMAT (j' MORE THAN NMAX DATA POINTS')
RETURN
E1\TD
C ******************************************************************************
DOUBLE PRECISION FUNCfION FUN(Q,T)
IMPLICIT REAL*8(A-H,K-Z)
DOUBLE PRECISION T(2)
VA=SPECIMEN TRAVEL SPEED AT PEAK TEMPERATURE A
VB=SPECIMEN TRAVEL SPEED AT PEAK TEMPERATURE B
FUN=(V NVB)- DEXP(-Q/8.314 3D+00*DABS( (T( 1)-T(2)/(T( 1)*T(2))))
WRITE(6,*) 'Q, FUN=',Q,FUN
RETURN
END
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APPENDIX FOUR
Differential Thermal Analysis
12.1 Introduction
Stored energy measurement experiments were also performed to confirm that much of the free
energy stored in MA6000 in as-received condition is in the form of grain boundaries as would be
expected for such a fine grained microstructure (see, chapter 4) and the free-energy stored in MA956
in as-received condition is in the form of dislocations. Differential thermal analysis (DTA)
experiments were carried out on samples in as-received condition. This was to support the results
obtained after characterisation of initial microstructure of alloys MA6000 and MA956, as discussed
in chapter 4.
The DTA experiments infact appeared to be unsuccessful because, at the temperature
(1160°C for MA6000) where recrystallisation was expected an absorption of heat was observed,
whereas an evolution of heat was anticipated.
In this appendix the results obtained from the differential thermal analysis (DTA) carried out to
measure the stored energy in as-received (hot-rolled) condition, for nickel base superalloys
(MA6000) and ferritic steel MA956, and the methods adapted to calculate the grain boundaries
energy and deformation energy are discussed.
12.2 Differential Thermal Analysis (MA6000)
The DTA experiments were performed to our design by ESAB laboratories in Sweden, due to
unavailability of the required high temperature equipment in the Department The interested DTA
output data have been analysed to calculate the energy stored in MA6000 in the as-received
condition. For calorimetric calibration purposes K2S04 was used since its enthalpy (H) data have
been thorougWy reported in the literature e.g., Barin and Knacke (1973), have reported enthalpies
for the phases of K2S04. Their data are reproduced in Table 12.1.
DTA experiments were first performed to caliberate the instrument using Potassium Sulphate.
The calibration was carried out by observing the a to ~ transformation, which occurs at 590°C and
which has associated with an enthalpy change of 0.05 J/mo1 (2.14 Kcal/mol, see Table l2.1).Thc
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results of this are represented in figure 12.1, and permi t a measured peak area to be converted into
an enthalpy change. For all the experiments heating rate used was 5 K/min. The weight of the
K2SO 4 sample used was lOO mg, and the reference (weight = 1.3103 mg) consisted of a fully
annealed sample of MA6000 (13OO°C for 4 hours).
After the calibration was completed, the experiment was repeated by substituting an as-received
sample of MA6000 (4mm diameter x 15mm long, and the sample weight was 1.537 mg) into the
sample container. The results of this are presented in figure 12.2. Two rather diffuse endothermic
peaks were observed, although the detailed reason for the observation of two peaks is unclear, and
,
cannot be attributed to y dissolution since the DTA method takes the difference between a sample
,
and a reference. Since the reference itself is MA6000 (annealed), y effects are absent in this output.
Note that the temperature range over which the peaks are observed is consistent with the
recrystallisation temperature reported by (Hotzler and Glassgow 1980, and Mina et al. 1984)
The measured value of stored energy was compared versus an estimated value of stored energy
due to grain boundaries and energy of deformation by DTA, are reported in Table 12.2. The free
energy stored for MA6000 was measured around 11.2 MJ/m3, which is about equals to the energy
stored in the grain boundaries calculated (11.0 MJ/m3), These approximately equal values of the
stored energy and energy stored in grain boundaries proves that all the free energy stored in the
nickel base superalloy is in the form of grain boundary energy. The methods adapted to measure the
stored energy by DTA, the grain boundaries energy and energy of deformation are defined in section
12.4 of this appendix.
12.3 Differential Thermal Analysis (MA956)
Differential thermal analysis experiments using the procedure described earlier, was used to
measure the stored energy of a sample of MA956 (weight 1.3034mg) in the as-received condition, at
a heating rate of 5 K/min.
During annealing, MA956 samples were found to recrystallise at 1180°C during both isothermal
and zone annealing experiments, but during continuous heating at 5 K/min., no DTA peaks were
observed until a temperature of about 1530°C was reached. This could be a consequence of some
dynamic recovery during heating in the DTA experiment, an effect which would be expected to
retard recrystallisation (this is consistent with the pre-annealing experiments reported in the thesis).
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The results obtained from the differential thermal analysis for MA956 are listed in Table 12.2. It
can be seen that the stored energy (218.0 MJ/m3) is much higher than the measured value for the
nickel base superalloy MA6000 and only a small part of this appears to be due to grain boundary
energy. The differential thermal analysis results need detailed confirmation, but unfortunately, they
could not be repeated since the apparatus was not readily accessible. In spite of this, it is clear that
much higher stored energy is consistent with the observed highly deformed microstructure. Indeed,
the microstructure of as-received MA956 can genuinely be described as being in the cold deformed
state.
Consequently, the driving force for recrystallisation is very large when compared with MA6000,
which in the as-received state proved to be a primary recrystallised structure.
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Table 12.1. Thermochemical properties of K2S04, after Brain and Knacke (1973). Since the original
table is not in the SI units and to avoid introducing rounding off errors, those units are preserved.
A B D
SOL-A CP
SOL-B CP
LIQ CP
28.77 23.80 -4.26
33.60 13.40
47.80
298-856
856-1342
1342-1700
PHASE T CP H ~ G BT
SOL-A 298 31.074 -342.700 42.000 -355.222 260.420
300 31.177 -342.642 42.193 -355.300 258.871
400 35.627 -339.287 51.814 -360.013 196.728
500 38.966 -335.552 60.134 -365.620 159.834
600 41.867 -331.508 67.499 -372.008 135.522
700 44.561 -327.186 74.157 -379.096 118.375
800 47.144 -322.600 80.277 -386.822 105.689
856 48.561 -319.920 83.514 -391.408 99.946
2.14 2.500
SOL-B 856 45.070 -317.780 86.014 -391.408 99.946
900 45.660 -315.784 88.288 -395.243 95.991
1000 47.000 -311.151 93.168 -404.319 88.376
1100 48.340 -306.384 97.711 -413.866 82.239
1200 49.680 -301.483 101.974 -432.852 77.204
1300 51.020 -296.448 106.004 -434.253 73.014
1342 51.583 -294.293 107.635 -438.739 71.460
8.8 6.557
LIQ 1342 47.800 -285.493 114.192 -438.739 71.460
1400 47.800 -282.721 116.215 -445.422 69.543
1500 47.800 -277.941 119.513 -457.210 66.624
1600 47.800 -273.161 122.598 -469.317 64.114
1700 47.800 -268.381 125.495 -481.723 61.938
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Symbols and abbreviations used in the Table 12.1.
A, B, C, D Temperature coefficient in the equations for the molar heat CP and
decimal logarithm of the vapour pressure LP
CP
BT
G
H
LIQ
S
SOL-A
SOL-B
T
Molar heat cal/moVdegree
P function; P (1') = - 103 G(T) / 4.575 T
Free energy in kcal/mol
Enthalpy in kcal/mol
"liquid phase"
Entropy in cal/mole/degree
a phase
P phase
Temperature in K
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Table 12.2. Stored energy measured by differential thermal analysis (DTA), calculated grain
boundaries energies and energy of deformation for ODS superalloy MA6000 and ODS ferritic steel
MA956. Methods used to calculate stored energy in grain boundaries and work of deformation, are
discussed in the following section.
Material Stored Energy Measured
by DTA MJm-3
MA6000 11.2
MA956 218.0
Energy Stored in
Grain Boundaries
MJm-3
11.0
0.2
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Work of Deformation
MJm-3
140.0
48.0
12.4 Methods For DTA Results Anal)'sis
The stored free energy, energy stored in the grain boundaries and work of deformation were
measured by the analysis of DTA results by following methods:
1. Stored free energy
To measure the free energy stored in the material, enthalpy (H) of the substance used for the
caliberation of equipment has to be known. In the present work K2S04 have been used for DTA
experiments performed on the two ODS alloys MA6000 and MA956.
The enthalpy (H) for K2S04 at 540 QC is reported in the literature as 2.14 kcaVmol (Brain and
Knacke, 1973 and also see Table 12.1). Since the weight of sample and reference was measured in
grams and milligrams respectively, so for the convenience of calculations the units kcaVmol have
been converted to kJ/gram, using following conversion factors:
4.187 Joules
174.26 grams
= 1 calorie
= 1 mole (Smithells ,1983).
Finally the value of enthalpy (H) for K2S04 was obtained as,
H = 0.051 kJ/gram
The stored free energy was then measured as follows:
D.HR = Asp I Ws/ Alp I Wr x H J/gram
where,
D.HR heat of recovery per gram
Asp area under DTA peak for sample
Ws weight of sample
Alp area under DTA peak for reference
Wr weight of reference
and finally,
D.H~ = D.HR x Density = Stored Free Energy J/m3
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(12.1).
(12.2)
where, ~H~ is heat of recovery per unit volume.
The stored free energy measured by DTA is given in Table 12.2 and the values measured for the
above variables to calculate the stored free energy are given in Table 12.3. The values listed under
density column are taken from Incomap data sheets for alloys MA6000 and MA956.
Table 12.3.
Material Asp Ws Arp Wr ~HR Density
mm2 grams mm2 mg J/gram g/m3
MA6000 179.8 1.5378 430 100 1.380 8.11 x 106
MA956 2494.8 1.3288 315 50 30.397 7.2 x 106
2. Energy stored in grain boundaries
From the values of measured stored free energy, the amount of energy stored in the grain
boundaries was calculated by assuming that all the energy measured is stored as the grain boundary
energy.
Svcr = Stored free energy J/m 3
and
where,
L
Sv = 2cr / L
is interface energy
is grain boundary energy per unit area _ 0.5 J/m-2
grain size (5 x 10-6)
(12.3)
3. Work of deformation
To calculate the energy of deformation it is essential to know the yield strength of the material at
hot working temperature. The yield strength can be calculated at certain temperature, if the yield
strength of the material is known at the lower and higher temperatures than the certain temperature
(in this case the hot-rolling temperature). The following procedure was applied to calculate the yield
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strength of the aDS alloy MA6000 only, because the yield strength for MA956 at hot-rolling
temperature (1000°C) is mentioned in Incomap data sheet for Incoloy alloy MA956.
where,
(12.4)
cry {Tal
cry {THl
To
TH
TREQ
yield strength at lower temperature = 344 MPa
yield strength at higher temperature = 192 MPa
lower temperature = 982°C
higher temperature = 1093 °C
Temperature required = 1040 °C
Since the yield strength at required temperature, which is 1000 °C (hot-rolling temperature) for
Incoloy alloy MA956 is reported in Incomap booklet, so the values given above are only for Inconel
alloy MA6000 and are taken from the Incomap brochure supplied with the alloy. After calculating
yield strength at the temperature at which hot rolling carried out, it is possible to workout the
energy of deformation simply by multiplying the calculated yield strength by the amount of
deformation in terms of reduction in area. Since it is very well known that during hot rolling
operations only 5% of the energy retain in the material as stored free energy and rest of it is
dissipated as heat. Therefore, the calculated energy of deformation as given in Table 12.2 is only the
5% of the total energy calculated.
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Figure 12.1. Differential thennal analysis curve observed for K2S04 from a. to P transfonnation,
where the weight of the sample is equal to 100mg and a heating rate of 5 Klmin was used. Line
under DTA peak represent the base-line considered to calculate area under peak.
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Figure 12.2. Differential thermal analysis curve observed for nickel base superalloy MA6000 at
1135-1176°C. Peaks are considered to be due to recrystallisation during differential thermal analysis.
The weight of the sample was equal to l.537mg and a heating rate of 5 K/min was used. Line under
DTA peak represer:t the base-line considered to calculate area under peak.
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Figure 12.3. Differential therrnal analysis curve observed for K2S04 from a to 13 transforrnation,
where the weight of the sample is equal to 50mg and a heating rate of 5 K/min was used. Line
under DTA peak represent the base-line considered to calculate area under peak.
?~?
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Figure 12.4. Differential thermal analysis curve observed for aDS ferritic steel MA956 at 1540°C.
The peak shown for MA956 in above figure is reduced to two and half times, compared with the
original peak observed during differential thermal analysis. The weight of the sample was equal to
1.3034mg and a heating rate of 5 K/min was used. Line under DTA peak represent the base-line
considered to calculate area under peak.
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